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Transparent welding of dielectric materials using ultrafast lasers is a highly promising method for 
glue-free glass assembling. However, dielectric materials are brittle and heat sensitive, so any high 
thermal gradients should be avoided during the welding process, otherwise residual stress and cracks 
may occur. We report on large-scale (up to 2”) and high mechanical strength transparent welding of 
fused silica glass using a femtosecond laser source emitting 500 fs pulses at 1030 nm. Laser parame-
ters, focusing conditions and laser trajectory are set in order to get a crack-free bulk modification and 
a stable weld seam. The results are characterized in terms of shear strength (up to 1 GPa) and residual 
stress. This latter is assessed based on the photoelastic effect, using a 6-steps phase-stepping method 
according to Patterson & Wang to evaluate the stress-induced birefringence in the samples with a 
circular polarimeter. This work opens the road to large-scale optical components assembly. 
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1. Introduction 
Transparent welding of dielectric materials using ultra-

fast lasers is highly interesting for glue-free glass assemblies 
with long-term stability in photonics, microfluidics, or med-
ical devices. The principle of transparent welding is to focus 
the laser beam at the interface of two glass substrates in or-
der to heat the material thanks to non-linear absorption, and 
to create a molten pool, which produces a strong bonding 
after cooling [1]. The criteria for glass assemblies depend on 
the application, so it could be for example airtightness for 
microfluidics [2], or mechanical resistance and the capacity 
to act as a heat-sink for high power laser manufacturing. 
However, the welded area is quite often below 1 cm² [3-5], 
and welding over a large area (more than 1 inch) is still a 
challenge. 

The quality of glass welding is closely linked to the ex-
tend and the location of the heat-affected zone (HAZ) which 
depends on the laser parameters as well as the focusing pa-
rameters [6-8]. Indeed, the HAZ increases while increasing 
the repetition rate or pulse energy and decreasing the scan-
ning speed [6]. A comprehensive study of the bulk modifi-
cation, as a function of scanning speed and pulse energy, has 
been carried out by Lafargue et al. [9]. This latter study 
demonstrates that process windows for transparent welding 
are significantly reduced in MHz- and GHz-burst modes 
compared to repetitive single pulse mode. Indeed, in burst 
mode the intensity of the main pulse is divided into several 
tenths or hundredths of sub-pulses in the burst, so the pre-
focal non-linear absorption decreases and the thermal gradi-
ent nearby the focus increases [10], which favorizes crack 
appearance [9]. Moreover, the energy deposition location 
moves upward with increasing pulse energy due to prefocal 

non-linear absorption [2]. The focus location has to be set in 
order to maximize the melted area at the interface [2]. Inten-
sity modulation is proposed to improve the welding seam 
stability and to avoid an upward focus shift as observed with 
picosecond pulses [11]. 

Furthermore, the rapid heating and cooling of the glass 
during transparent welding induces a high thermal gradient 
that dramatically increases the risk of crack appearance, es-
pecially at the beginning of the weld seam when the glass is 
cold and brittle [6]. However, pulse after pulse, the temper-
ature of the glass increases, and the glass becomes ductile 
when the steady state temperature reaches the softening tem-
perature. So, cracks may disappear after a few ten thousand 
pulses, as shown in Miyamoto et al. [6]. Therefore, the be-
ginning, and the end to a lesser extent, of the weld seam are 
the main weak points along the laser trajectory. Another cru-
cial point is the airgap at the interface. Ideally, there is no 
airgap at the interface, so the cooling of the glass occurs with 
a solid surrounding material. This configuration produces a 
residual compressive stress, which results in a much higher 
mechanical resistance compared to the case of a residual ten-
sile stress that appears when there is a narrow airgap [7]. 

It is well established that the macroscopic behavior of a 
brittle material, such a silicate glass, is determined by the 
weakest link, i.e., the largest defect into the material [12]. 
Furthermore, from Frenkel’s model it is known that the the-
oretical shear strength of a defect-free material is estimated 
as the shear modulus (31 GPa for Corning 7980 fused silica) 
divided by 2π [13]. So, the maximum theoretical value for 
the shear strength of fused silica is around 4.9 GPa. This 
value is far above shear strengths reported in the scientific 
literature after glass welding [2,8,14-18]. For instance, 
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Alexeev et al. have obtained 200 to 600 MPa on sodalime 
glass [14], and Sun et al. have measured 60 MPa on fused 
silica [2]. So, the mechanical resistance is one limitation for 
glass assemblies based on transparent welding with ultrafast 
lasers. 

Several techniques have been developed for assessing 
the material integrity and the residual stress in a glass mate-
rial, including digital image correlation, electronic speckle 
pattern interferometry or digital holographic imaging [19]. 
While these methods can provide valuable insights, they of-
ten involve complex and expensive instrumentation, and 
generally require slow acquisition times. Photoelastic meth-
ods offer an attractive alternative for transparent materials. 
They are based on the measurement of stress-induced bire-
fringence, which manifests as an optical retardation between 
the ordinary and extraordinary polarization components [19]. 
For example, using the six-step phase-stepping method pro-
posed by Patterson & Wang [20] with a monochromatic cir-
cular polarimeter enables the pixel-wise reconstruction of 
the optical retardation δ and the optical axis orientation θ, as 
well as the computation of birefringence and residual stress. 

In this paper, we report on large-scale (up to 2”) and high 
mechanical strength transparent welding of fused silica us-
ing a femtosecond laser source. Welded samples were char-
acterized in terms of shear strength and laser-induced bire-
fringence, which was used to estimate the residual stress. 

 
2. Materials and methods 
2.1 Micromachining workstation for glass welding 

The experimental setup for glass welding consists of a 
Yb-doped femtosecond laser (Tangor 100, Amplitude, 
wavelength: 1030 nm, pulse duration: 500 fs) and a home-
made micromachining workstation which includes a x2 
beam expander, a 2-axis galvo scanner (LS-scan 20, Lasea) 
equipped with a 30 mm telecentric focusing lens and 
mounted on a Z-axis motorized stage, and a monolithic mo-
torized stage (Alio Industries) utilized as XY-axis for posi-
tioning and moving the sample under the laser beam. The 
effective numerical aperture was 0.20. The spot size was 
measured in air to be 6.0 ± 0.2 μm. The samples were 
mounted in a homemade clamping tool that applies a uni-
form force at the periphery of the sample assembly. A top-
view vision device equipped with a microscope objective 
(Mitutoyo, NIR plan APO, 10X, NA 0.26) was used for po-
sitioning, for flatness setting, and for determining the inter-
face location between the two glass samples. The moving of 
the samples during the welding process to generate the weld-
ing trajectory was realized with the XY-motorized stages 
(not with the galvo scanner) in order to cover a large pro-
cessing field and to avoid any beam deformation due to 
working at the edges of the scan field. 

The applied laser trajectory was an outward spiral pat-
tern, either full or annular, to minimize the number of weak 
points along the welding seam (i.e., one starting point, one 
ending point). The pitch of the spiral was set to 75 µm in 
order to have a HAZ lateral overlap between two subsequent 
turns in the spiral over 2/3 of the bulk modification height. 
For the larger spirals with a diameter of 2 inches, each spiral 
turn was decomposed into 40 linear segments to simplify the 
trajectory and maximize the scanning speed. 

The operating parameters for glass welding were ad-
justed according to the process windows reported in 

Lafargue et al. [9]. Therefore, the repetition rate was set to 
200 kHz and the scanning velocity to 10 mm/s. The pulse 
energy was set to 51 µJ. This specific set of parameters pro-
duces a stable welding seam without any cracks. The bulk 
modification has a teardrop shape that results from the en-
ergy deposition location upstream the focus and subsequent 
heat diffusion. Tiny bubbles, which come from the thermal 
decomposition of fused silica under high temperature, are 
observed at the top of the teardrop.  With this set of parame-
ters, the width of the HAZ is about 125 µm for a single track 
and the height of the bulk modification is about 500 μm. The 
focus location was set 600 µm below the interface to com-
pensate for the focal shift and prefocal absorption in the ma-
terial. By this means, the bubbles in the bulk modification 
are located far from the interface of the assembly (more than 
150 µm). 

Welding experiments were carried out on fused silica 
samples (Corning 7980) with a diameter of 2 inches and a 
thickness of 10 mm, and with an anti-reflective coating on 
both sides for large-scale welding, and on fused silica sam-
ples with a diameter of 1 inch and a thickness of 3 mm for 
the mechanical tests. These samples are thick enough to 
avoid any bending while clamping at the periphery. Sample 
surfaces were cleaned with ethanol and a dry air jet before 
assembling. As explained before, a close contact between 
the samples (i.e., a good molecular bonding) to avoid any 
airgap is required before laser treatment in order to avoid 
tensile residual stress in the weld seam and to keep a high 
transparency outside the welded area (Fig. 1). 

 

 
 

Fig. 1. Assembly of two fused silica samples with a diameter 
of 1 inch and a thickness of 3 mm after welding with (a) no 
airgap and (b) a 2 µm airgap. 
 
2.2 Monochromatic circular polarimeter 

The experimental setup for the measurements of the la-
ser-induced residual stresses is based on a homemade mon-
ochromatic circular polarimeter as depicted in Figure 2. This 
device is designed for full-field stress analysis in transparent 
materials using phase retardation measurements. The optical 
configuration allows quantitative mapping of the phase re-
tardation using a phase-stepping method based on the six-
step method described by Patterson and Wang [20]. The po-
larimeter includes the following elements (from left to right 
in Fig. 2): a light-emitting diode (M530L4 Thorlabs) emit-
ting at 522 nm provides a quasi-monochromatic illumination. 
It is collimated using a dedicated optic (SM2F32-A 
Thorlabs) to ensure uniform beam quality. The beam passes 
through a fixed linear polarizer (P1) that defines a well-
known input polarization state. Then, a first quarter-wave 
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plate (QWP1) is placed after the first polarizer (P1) to gen-
erate circularly polarized light, which interacts with the bi-
refringent sample. The birefringent sample modifies the po-
larization state of the light due to internal stress-induced bi-
refringence. To analyze the changes in the polarization state, 
several defined phase shifts are applied to the light transmit-
ted through the sample. Therefore, a second quarter-wave 
plate (QWP2), mounted on a motorized rotation stage 
(K10CR1/M Thorlabs), is placed after the sample, followed 
by a half-wave plate (HWP), also motorized (K10CR1/M 
Thorlabs) to ensure precise and repeatable angular position-
ing. To image the sample plane onto the camera, an imaging 
system consisting of two 100 mm focal length lenses posi-
tioned at both ends of the imaging system is used. Between 
them, a set of two additional lenses can be inserted, consist-
ing of a divergent lens with a focal length of −100 mm and 
a convergent lens of 200 mm. This configuration enables 
multiple magnification modes (x2, x0.5 and x1), depending 
on the order they are inserted. A fixed linear analyzer P2 
(crossed with the input polarizer (P1)) is placed in front of 
the CMOS camera (Basler acA1920), positioned in the im-
age plane, which captures the transmitted intensity for each 
angular configuration with pixel-level resolution. This con-
figuration deviates slightly from a classical circular polar-
imeter [20] because the half-wave plate was chosen to com-
pensate for errors introduced by rotating the analyzer (P2) 
[21].  

 

 
 

Fig. 2. Monochromatic circular polarimeter for the measure-
ments of the laser-induced birefringence based on the six-
step phase-stepping method according to Patterson and 
Wang 

 
2.3 Experimental protocol for retardance measure-
ments 

The optical retardation measurement consists in acquir-
ing six images using a defined set of angles for the second 
quarter-wave plate (QWP2) (φ) and the half-wave plate 
(HWP) (β) while the first quarter-wave plate (QWP1) re-
mains fixed at ρ = 135◦ (see Fig. 3 and Table 1). This proto-
col is based on the six-step phase-stepping method accord-
ing to Patterson and Wang with an added half-wave plate as 
used in [21]. The acquisition process is fully automated us-
ing a homemade Python script that synchronizes the motors 
and camera acquisition while also handling retardation and 
stress map computation.  

 

 
Fig. 3. Angular sequence for the six-step phase stepping 
method according to Patterson and Wang. 

 
For each set of QWP2 and HWP angles, one image is 

acquired, resulting in six intensity frames {I1, I2, I3, I4, I5, I6} 
per measured sample. Using the Mueller formalism and the 
computation of the transmitted Stokes vector, it is possible 
to calculate the isoclinic angle 𝜃𝜃 (1) and the optical retarda-
tion 𝛿𝛿 (2): 

 

𝜃𝜃 = 1
2

tan−1 �𝐼𝐼5−𝐼𝐼3
𝐼𝐼4−𝐼𝐼6

�.             (1) 

 

𝛿𝛿 = tan−1 �(𝐼𝐼5−𝐼𝐼3)sin2𝜃𝜃−(𝐼𝐼4−𝐼𝐼6)cos2𝜃𝜃
𝐼𝐼1−𝐼𝐼2

�.   (2) 

 
From a practical point of view, a spatial filter (2 × 2 av-

erage block filter) is applied to reduce high-frequency noise 
on each image Ii before computing the retardation map. 
Moreover, the background, defined as the retardance map 
measured with two non-welded glass substrates, is sub-
tracted from the retardance map obtained with the glass as-
sembly (welded samples). 

The system was carefully calibrated using a well-charac-
terized quarter-wave plate and validated against numerical 
simulations based on the Mueller formalism (Fig. 4). 

 
2.4 Birefringence and residual stress calculation 

Based on the photoelastic model, the birefringence ∆𝑛𝑛 
(3) and the residual stress difference ∆𝜎𝜎 (4) in the sample 
were calculated as follows: 

 

∆𝑛𝑛 = 𝜆𝜆𝜆𝜆
2𝜋𝜋𝜋𝜋

.                   (3) 
 

∆𝜎𝜎 = 𝜎𝜎1 − 𝜎𝜎2 = 𝜆𝜆𝜆𝜆
2𝜋𝜋𝜋𝜋𝜋𝜋 

.            (4)  

Table 1 Six-step acquisition method 

Step P1  QWP1 QWP2 HWP P2  

   (ρ)  (φ)  (β )   
I 1  90° 135° 0° 22 .5° 0° 
I 2  90° 135° 0° 157 .5° 0° 
I 3  90° 135° 0° 0° 0° 
I 4  90° 135° 45° 22 .5° 0° 
I 5  90° 135° 90° 45° 0° 
I 6  90° 135° 135° 157 .5° 0° 
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where 𝐶𝐶 is the photoelastic coefficient (3 × 10−6 MPa-1 

[22,23]), 𝜆𝜆 is the wavelength of the light source, and 𝑑𝑑 is the 
thickness of the laser-induced modification within the sam-
ple (the height of the bulk modification in our case). The cal-
culation of the residual stress is based on the assumption that 
the birefringence in the sample is solely induced by the re-
sidual stresses in the sample. 

 

 
Fig. 4. Calibration of the circular polarimeter and the retard-
ance calculation using Mueller formalism. The red line cor-
responds to the theoretical value whereas the black dashed 
line is the result of the experimental measurement, including 
spatial filtering and background correction. 

 
 
2.5 Shear strength measurements 

The shear strength measurements were carried out using 
a universal bench-top testing machine (Mecmesin, Omnitest 
5 kN) equipped with a 5000 N sensor. The sensor precision 
is ± 25 N. A homemade sample holder was designed and im-
plemented in order to apply only a shear force on the glass 
assembly (Fig. 5a), without any torsion contribution that 
may compromise the relevance of the measurements. As 
shown on Fig. 5b, the left part is fixed while the right is mov-
ing upward. So, the shear force is applied at the interface. 
This sample holder does not require any gluing for sample 
handling. A 1 inch assembly mounted in the sample holder 
is shown in Fig. 6 before and after the rupture. 

 
  The shear stress 𝜎𝜎𝑠𝑠ℎ𝑒𝑒𝑒𝑒𝑒𝑒 is calculated as the ratio of the 

applied shear force 𝐹𝐹𝑠𝑠ℎ𝑒𝑒𝑒𝑒𝑒𝑒 over the welded area 𝐴𝐴: 
 

𝜎𝜎𝑠𝑠ℎ𝑒𝑒𝑒𝑒𝑒𝑒 = 𝐹𝐹𝑠𝑠ℎ𝑒𝑒𝑒𝑒𝑒𝑒
𝐴𝐴

.               (5) 
 
As suggested in [18], when the welded area is far below 

the contact area, the calculation of the shear strength corre-
sponding to the welded area 𝜎𝜎𝑠𝑠ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤  has to take into account 
the contribution of both the welded area and the optical con-
tact using the following formula: 

 

𝜎𝜎𝑠𝑠ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 = (𝐹𝐹𝑤𝑤−𝐹𝐹𝑜𝑜𝑜𝑜)
𝐴𝐴𝑤𝑤

 ,              (6) 
  

where 𝐹𝐹𝑤𝑤 is the measured force for a welded assembly, 
𝐹𝐹𝑜𝑜𝑜𝑜 the measured force for optical contact only, and 𝐴𝐴𝑤𝑤 the 
welded area. 
 

 
 

Fig. 5. Homemade sample holder for tensile shear tests of 
the glass assemblies (a) view of the device, and (b) loading 
configuration: the left part is fixed while the right part moves 
upward, applying a shear force at the interface. 

 

 
 

Fig. 6. Glass assembly in the sample holder (a) before and 
(b) after the rupture. 

 
 

3. Results and discussion 
3.1 Large-scale welding 

Two fused silica samples with a thickness of 10 mm and 
a diameter of 2 inches each were welded in overlap config-
uration over a diameter of 45 mm using a spiral pattern with 
a pitch of 75 µm. The repetition rate was set to 200 kHz, the 
pulse energy to 51 µJ, and the scan velocity to 10 mm/s. As 
shown in Fig. 7, the weld seam is highly uniform across the 
entire surface of the welded area. A visual inspection with an 
optical microscope equipped with a 10x objective revealed 
no cracks and no instabilities along the weld seam. The anti-
reflective coating is ablated into dust that is spread on both 
sides of the seam at the interface without any detrimental 
effect on the assembly. As explained in [24], the bubbles that 
are localized at the top of the bulk modification cause visible 
light scattering and consequently decrease the transparency 
of the welded area. 
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Fig. 7. Assembly of two fused silica samples with a thick-
ness of 10 mm and a diameter of 2 inches with anti-reflective 
coating on both sides. The welded pattern is a full spiral with 
a diameter of 45 mm. 

 
3.2 Shear strength measurements 

Shear strength measurements were carried out on a batch 
of twenty assemblies, each consisting of two fused silica 
samples with a thickness of 3 mm and a diameter of 1 inch 
welded in overlap configuration using a full spiral pattern 
with a diameter of 2 mm (larger patterns do not break under 
a 5000 N load). Therefore, in such a configuration, the 
welded area 𝐴𝐴𝑤𝑤   is 3.1 mm² meanwhile the optical contact 
area 𝐴𝐴𝑜𝑜𝑜𝑜  is 502.9 mm² (506 – 3.1 mm²). So, the ratio 𝐴𝐴𝑜𝑜𝑜𝑜

𝐴𝐴𝑤𝑤
 is 

161. Such a glass assembly is shown in Fig. 8a. The corre-
sponding bulk modification extends on both sides of the in-
terface (Fig. 8b). The bubble and the tip are far from the in-
terface (more than 100 µm). The weld seam is crack-free and 
uniform across the welded area (Fig. 8c and 8d).  

 

 
 

Fig. 8. (a) Assembly of fused silica samples with a thickness 
of 3 mm and a diameter of 1 inch used for the shear strength 
measurements; (b) Sideview of the bulk modification and its 
location relative to the interface; (c) Top view of the welded 
pattern in the bubbles plane; (c) Top view of the welded pat-
tern in the tip plane. 

 
Some preliminary measurements were performed with 

(i) a glass assembly, (ii) a steel dummy and (iii) an aluminum 

dummy, in order to assess the elastic deformation of both, 
the bench-top machine and the sample-holder under a heavy 
load (Fig. 9a). The three curves are similar. This behavior 
confirms that the measured deformation in Fig. 9a does not 
come from the sample but from the bench-top and the sam-
ple holder. Therefore, no conclusions about the deformation 
behavior of the welded sample itself can be drawn from the 
presented results, in contrast to the measured shear force and 
shear load values. The shear strength measurements were 
conducted under quasi-static loading conditions (displace-
ment velocity 1 mm/min) and the sample holder was de-
signed to result in no movement (or slippage) of the sample 
within the holder, as well as to result in a series load path 
(bench-top machine → sample holder → sample). Which 
means that a force equilibrium was present in the mechanical 
setup and that the sample was therefore subjected to the 
same force that was applied by the bench-top machine. 
Therefore, the measured shear forces and deduced shear 
loads are considered to be valid for the investigated samples, 
despite the elastic deformation of the sample holder and 
bench-top machine. 

Some measurements were also performed on few sam-
ples solely joined through optical contact as a reference. The 
maximum load that can stand samples assembled solely 
through optical contact (𝐹𝐹𝑜𝑜𝑜𝑜) is 1834 ± 50 N, which corre-
sponds to a shear strength value of 3.6 MPa. Nevertheless, 
the load drops down below 100 N if the optical contact is not 
perfect (when some Newton fringes are observed at the in-
terface). 

 Conversely, ten samples assembled using laser welding 
broke before reaching the maximum load (5000 N) whereas 
ten others stand this load as shown in Fig. 9b. The values of 
𝐹𝐹𝑤𝑤 range from 900 to 5000 N (20 measurements). Four val-
ues are below the maximum measured force for pure optical 
contact of 1834 N (𝐹𝐹𝑜𝑜𝑜𝑜), and they were thus not considered 
for the calculation of shear strength (𝜎𝜎𝑠𝑠ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤  ). Then, the 
shear strength (𝜎𝜎𝑠𝑠ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 ) is calculated using formula (6) for 
the 16 remaining measurements. The corresponding median 
endured shear stress of the welded area is about 1 GPa. A 
Weibull model is used to describe the probabilistic failure of 
glass assemblies that broke (only 6 samples). Fig. 10 de-
scribes the cumulative probability of the glass assembly fail-
ure as a function of applied shear stress. From this model we 
notice that the 50 %-risk of rupture is reached for a shear 
stress of 582 MPa as depicted in Fig. 10. This value is much 
higher than values formerly reported in the literature [2, 14, 
17, 18]. 
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Fig. 9. Shear test load versus displacement (a) for 1 glass 
assemble, 1 steel dummy and 1 aluminum dummy, and (b) 
for the 20 samples of fused silica assemblies. Each vertical 
line corresponds to an assembly that broke. 

 
 
Fig. 10. Cumulative probability of rupture versus shear 
stress (MPa), i.e., Weibull distribution, for the 6 fused silica 
assemblies that broke during the shear test. 

 
Fig. 11 shows micrographs of the center of a broken sam-

ple after shear strength measurements. Fig. 11(a) and Fig. 
11(b) correspond to the upper glass substrate and the lower 
glass substrate, respectively. Both Figures indicate that the 
cracks are mainly located in the welded area on both sub-
strates of the broken-assembly. Fig. 11(c) and Fig. 11(d) 
show a zoom located at the side of the welded pattern at the 
interface and 160 µm below the interface on the upper sub-
strate, respectively. On Fig. 11(c) it is visible that only few 
cracks expand outward the welded area. The large one, on 
the left on the image, corresponds to the end of the laser tra-
jectory which had been exposed to a high thermal gradient.  

 

Fig. 11. Micrographs of a broken sample after shear strength 
measurements: welded area on upper substrate (a), welded 
area on lower substrate (b), zoom on the side of the welded 
pattern at the interface of the upper substrate (c), zoom on 
the side of the welded pattern 160 µm below the interface of 
the upper substrate (d). 

 
These cracks may induce the rupture of the substrate 

along the sample diameter (not observed here). Moreover, 
we notice that some of these cracks propagate deep into the 
bulk material towards the bubble plane at a distance of 160 
µm from the interface, as illustrated in Fig. 11(d). These ob-
servations demonstrate that the rupture of the glass assembly 
occurs in the welded area (over a 2 mm diameter spiral at the 
center), and not in optical contact area (outside the spiral). 

 
3.3 Residual stress measurements 

In order to assess the material integrity after transparent 
welding, some optical retardance measurements have been 
performed with a circular polarimeter in order to determine 
both laser-induced birefringence and residual stress. The re-
sults are shown in Fig. 12 for a full spiral pattern, and in Fig. 
13 for an annular spiral pattern. These measurements were 
performed on 1-inch samples. Two interesting observations 
can be derived in particular from these measurements. First, 
the highest local variation of the optical retardance can be 
observed around the endpoint of the weld seam, also result-
ing in a high variation of the residual stresses (Fig. 12). This 
indicates a highly inhomogeneous material state in the re-
gion directly surrounding the end of the weld seam and 
therefore supports the assumption that the start-/endpoints of 
the trajectory are potential weak points, even if the absolute 
values of the measured residual stress do not directly appear 
there. Furthermore, virtually no optical retardance could be 
measured in the center region of the annular pattern, which 
was consequently observed to be free from any residual 
stress (Fig. 13). 
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Fig. 12. (a) Optical retardance and (b) residual stress meas-
ured in fused silica in the center and at the end of the weld 
seam.  

 

 
 
Fig. 13. (a) Optical retardance and (b) residual stress meas-
ured in fused silica for an annular spiral pattern.  

 
3.4 Discussion 

The high shear strength obtained after laser welding 
(section 3.2) results from a combination of several key fac-
tors. First of all, the set of parameters is chosen in order to 
minimize the thermal gradient and to induce a large and 
crack-free bulk modification as observed in Fig. 8(b). A high 
repetition rate (200 kHz) combined with a low scanning ve-
locity (10 mm/s) corresponds to a high spatial overlap 
(83 %) between subsequent pulses which leads to heat accu-
mulation and to enlarge the HAZ surrounding the energy 
deposition location. The resulting bulk modification has a 
teardrop shape as depicted in Fig. 8(b). Due to high temper-
ature in the bulk modification, thermal decomposition of 
fused silica occurs, gas is released, and tiny bubbles appear 
in the bulk modification. These tiny bubbles migrate upward 
and aggregate into a larger one at the top of the bulk modifi-
cation. Even if bubble formation can be avoided using high 
deposited energy [25], bubbles are present in our experi-
mental conditions. Therefore, as shown in Fig. 8(b), the fo-
cus location should be set below the interface in order to 
place it more or less in the middle of the bulk modification 
at its maximum width (125 µm), and far from any defects 
such as the bubble at the top of the upper substrate or the tip-
defect in the lower substrate. 

Secondly, a spiral pattern enables to produce a continu-
ous and stable welding seam along the laser trajectory as 
shown in Fig. 8(c) and Fig. (8d). Since the motion is 
achieved using XY-motorized stages the beam remains on 
the optical axis of the focusing lens, so there is no beam de-
formation along the laser trajectory, whatever the pattern di-
mensions (Fig. 7) rendering the process very robust. Moreo-
ver, the full overlap of the HAZ between subsequent turns in 
the spiral leads to a continuous, strong and defect-free bond 
that covers all the welded area. As observed in Fig. 11(c) and 

Fig. 12(a) the end of the laser trajectory is a weak point from 
which cracks can be initiated due to the high thermal gradi-
ent and propagate in the bulk outward from the welded area 
(see Fig. 11). 

Finally, surface preparation and uniform clamping are 
crucial points. Any airgap at the interface should be avoided, 
otherwise residual tensile stress will appear and weaken the 
welded area. Moreover, it favours the optical contact which 
contributes to successful assembling since the shear strength 
decreases from 3.6 MPa to 0.2 MPa when Newton fringes 
are present. Uniform clamping avoids bending during the 
process and any additional residual stress in the glass assem-
bly after laser treatment. 

 
The shear strength resulting from the optical contact (3.6 

MPa) is significantly below the shear strength of the welded 
area (median value is 1 GPa). The shear strengths of the 
welded area were calculated using eq. 6, which holds under 
the assumption that the area of and the corresponding shear 
force due to the optical contact are the same for the welded 
specimens and the specimens only under optical contact. 
The area calculations show that the welded area is neglige-
able compared to the optical contact area (ratio is 161). Fur-
thermore, the reported shear force values 𝐹𝐹𝑜𝑜𝑜𝑜 for specimens 
only under optical contact were determined for samples 
showing no Newton fringes across the entire interface, indi-
cating that the maximum possible surface of the specimens 
contributed to the optical contact. It is therefore assumed that 
these 𝐹𝐹𝑜𝑜𝑜𝑜 values represent maximum values for the contri-
bution of the optical contact to the shear force, since the 
slightest decrease in contact area, as indicated by the appear-
ance of Newton fringes, resulted in a significant reduction of 
the observed shear force (down to 100 N). The results of the 
shear strength obtained for the welded samples in this way 
can therefore be regarded rather as a lower bound of the 
shear strength of the weld seam. 16 out of 20 welded assem-
blies correspond to a maximum shear force well above 𝐹𝐹𝑜𝑜𝑜𝑜. 
Thus, it can be concluded that most of the shear resistance 
comes from the welded area even if the optical contact co-
vers an area 161 times larger than the welded area. This re-
sult demonstrates that transparent welding brings a signifi-
cant reinforcement to optical contact, and therefore is highly 
relevant for glass assembly. 

 
4. Conclusion 

The presented paper reports on large-scale transparent 
welding of thick fused silica substrates using a femtosecond 
laser emitting 500 fs pulses at 1030 nm. The operating pa-
rameters were set in order to obtain an elongated and crack-
free bulk modification and a stable weld seam. The welding 
pattern, either a full spiral or an annular spiral, was used to 
minimize the number of weak points along the laser trajec-
tory. The pitch of the spiral was set to have a full HAZ over-
lap between two subsequent turns in the spiral. The process 
has been successfully applied on two fused silica samples 
with a thickness of 10 mm and a diameter of 2 inches, 
welded in overlap configuration over a diameter of 45 mm 
using a full spiral pattern. Tiny bubbles localized at the top 
of the bulk modification decrease the transparency of the 
welded area due to light scattering. 
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Shear strength measurements have been performed on a 
batch of 20 samples (with a thickness of 3 mm and a diame-
ter of 1 inch), welded with a full spiral pattern of 2 mm in 
diameter, using a universal bench-top testing machine 
equipped with a 5000 N load sensor and a specific sample 
holder that does not require any gluing for sample handling 
and prevents any torsion constraints. Ten samples assembled 
using laser welding broke before reaching the maximum 
load (5000 N) whereas ten others stand this load. The con-
tribution of the optical contact was considered for the calcu-
lation of the shear strength after laser welding. The median 
value of the endured shear stress on the welded area is about 
1 GPa which is, to the best of our knowledge, far above the 
state of the art. Nevertheless, this value is five times below 
the theoretical shear stress value determined by Frenkel’s es-
timation (4.9 GPa). Shear strength measurements of larger 
welding patterns than 2 mm in diameter were not performed 
since it requires a much stronger load sensor (above 5000 N). 

Optical retardance has been measured using a mono-
chromatic circular polarimeter and a six-step phase stepping 
method according to Patterson & Wang. From this, the re-
sidual stress was calculated based on the photoelastic model. 
The results indicate that the highest local variations of the 
residual stress are obtained at the endpoint of the welding 
trajectory. And more notably, the center region of the annular 
spiral pattern is free from any residual stress, which means 
that this pattern is highly relevant for optical component as-
semblies. 

Therefore, this work paves the way to the assembly of 
large-scale optical components for high power laser manu-
facturing or for space photonics for instance. 
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