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Permanent glass joining can be achieved by an ultrafast laser fusion welding based on nonlinear 

light energy absorption. In this method ultrashort laser pulses, at a wavelength transparent to the 

processing material, are tightly focused onto the common interface of two glass pieces and absorbed 

via nonlinear interaction mechanisms, such as multi photon absorption. In this work we present re-

cent results on the measurements of the shear strength and bonding energy for a number of laser 

welded soda-lime glass samples produces under different experimental conditions. We demonstrate 

that the shear strength and the bonding energy are affected differently by the processing parameters 

and present a qualitative explanation of the observed results. 
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1. Introduction 

Even after hundreds of years of application high quality 

glass joining remains a challenging technical task. There 

are a number of methods that are currently used for glass 

joining such as mechanical mounting, optical contacting, 

gluing, soldering, and diffusion bonding. Normally they are 

application specific and possess certain drawbacks: for 

example, gluing is not suitable for aggressive environments 

and diffusion bonding requires too long time for many ap-

plications. A very promising alternative approach for per-

manent glass joining can be the ultrafast laser fusion weld-

ing based on nonlinear light energy absorption. This meth-

od has been recently investigated by a number of research 

groups that clearly demonstrated method feasibility [1, 2, 

3]. In comparison to gluing and soldering the ultrafast laser 

glass welding does not require an additional adhesive. Po-

tentially, it can be applied to non-flat substrates, the latter 

fundamentally distinguishes the ultrafast laser welding 

from diffusion bonding, where glass plates are permanently 

joined under high pressure applied over relatively long time. 

Compared to the far infrared CO2 laser welding of glass [4], 

the ultrafast laser joining does not require formation of a 

vapor-filled capillary, known as “keyhole”, for laser energy 

deposition preserving integrity of the glass surface and 

reducing the heat affected zone in the material. 

In the ultrafast laser glass joining method ultra-short 

light pulses, at the wavelength transparent to the processing 

material, are tightly focused onto the common interface of 

two glass pieces intended for welding. Due to the tight fo-

cusing and short laser pulse duration, the light intensity 

inside the focal volume reaches values at which multi-

photon absorption with subsequent ionization can occur [5]. 

The free electrons generated by this nonlinear interaction 

become free and are accelerated by absorbing photons di-

rectly from the laser beam. These electrons are likely to 

scatter inelastically on other atoms consequently ionizing 

some of those atoms and effectively setting off avalanche 

ionization within the focal volume. Once started, the ava-

lanche ionization can carry on even if the pulse intensity 

drops below the value necessary for the multiphoton ioni-

zation. During the irradiation the electron plasma builds up 

very quickly and reaches very high temperatures. Subse-

quently, ions as well as not ionized material are heated by 

the electron-phonon coupling. In order to reach the melting 

point of glass it is necessary to have the heating rate higher 

than the cooling rate. Because the plasma generation takes 

place approximately within the focal volume (~ 1-10 μm3
) 

the cooling time is very short, typically on the order of 10 

µs or less [6]. Thus, ultrafast glass welding normally re-

quires employment of high repetition rate (on the order of 1 

MHz) laser systems in order to achieve heat accumulation.  

While glass substrates can be welded under different 

processing conditions (such as laser power, feed speed, 

pulse repetition rate, and focusing geometry) the mechani-

cal strength of the produced joints varies significantly de-

pending on the applied parameters. For example, use of 

non optimal processing regimes leads not only to introduc-

tion of clearly observable defect structures but also com-

promises the mechanical strength of the weld seams. In 

order to quantify the quality of ultrafast laser joining we 

investigate dependence of the weld seam shear strength and 

the bonding energy on the processing parameters. The 

shear strength is used to describe the strength of a joint 

against the type of structural failure where the weld seam 
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fails in shear and can be used for comparison with other 

well established glass joining methods. Bonding energy is 

another measure that can be used to quantify the strength of 

the created connectionss. The bonding energy is work that 

is needed to separate the glass plates by cleaving, and 

measured per unit area it can be compared to the surface 

energy, which is a material constant. In general, surface 

energy quantifies the disruption of intermolecular bonds 

that occur when a surface is created 

 

2. Experimental setup 

Simultaneous requirement on high peak intensity and 

high pulse repetition rate almost exclusively demands em-

ployment of high power solid state picosecond laser sys-

tems capable of delivering multi watt ultrafast laser pulses 

at high frequencies. The light source used in the presented 

experiments is a modelocked Nd:YVO4 laser (Fuego laser, 

Time Bandwidth Products, Switzerland) generating pulses 

with 10 ps FWHM duration at 1064 nm wavelength, ad-

justable pulse repetition rate (single pulse  – 8.2 MHz), and 

up to 40 W of nominal average power (continuously ad-

justable) The schematic of the experimental setup is shown 

in Fig. 1. The laser beam is focused using an Olympus 

LMPlan IR 50X / 0.55 microscope objective into the glass 

samples. The nominal beam focus is positioned slightly 

(approximately 20 microns) below the common interface of 

the glass plates constituting a test sample. The welding 

seam tends to upshift from the nominal laser focus due to 

the nonlinearity in the light absorption [7] and focusing 

below the interface ensures the quasi symmetrical laser 

energy deposition in the upper and lower glass plates. Sub-

stantial misplacement of the welding seam above or below 

the common interface either can prevent samples to be 

welded all together or can produce very weak joins.   

 

Fig.1: Schematic of the experimental setup.  

Before the welding runs the glass plates to be joined are 

thoroughly cleaned and optically contacted to avoid defect 

formation during welding and to prevent undesirable rela-

tive movement [3]. Additionally, special care is taken to 

ensure that the laser beam approaches the test sample at the 

normal incidence angle over its entire area [8] to avoid any 

longitudinal displacement of the beam focus with respect to 

the glass interface due to sample tilting.  

In the presented work soda-lime glass has been used 

and the welded samples are analyzed to determine their 

shear strength and bonding energy. The shear strength is 

established by measuring the force needed to break the 

weld seam in the push configuration. The principal test 

arrangement is shown in Fig. 2. In this setup the welded 

samples are compressed in the shown direction till the joint 

is completely compromised yielding the force needed to 

disassemble the sample. For the testing a universal testing 

machine has been used and a laser joined sample was held 

in a vise like holder that restricts its movement without 

affecting the force measurements. The shear strength is 

obtained by normalizing the measured force over the weld-

ing area. The weld seam dimensions (length and width) are 

measured with a high resolution optical microscope and for 

a typical sample the weld seam is on the order of 10 mm 

long while the width has characteristic dimension on the 

order of 50 µm. 

 

Fig.2: Shear measurement test arrangements. 

It should be kept in mind that the optical contact estab-

lished between the glass plates before welding may also 

contribute to the shear strength measurement. Although 

joining due to the intermolecular force is relatively weak, 

the total effect can be quite noticeable due to the large area 

of the contact. To exclude contribution of the intermolecu-

lar forces from the shear strength measurements, 10 micron 

thick metal foils have been wedged between the plates near 

the weld seam to break the optical contact before the com-

pression test. However, special caution has been exhibited 

not to damage the weld seam. Therefore, a very small por-

tion of the optical contact remained around the welding 

seam. 

To estimate the bonding energy a test setup based on 

Gillis and Gilman theoretical analysis of crack propagation 

[9, 10] has been assembled with the test schematic being 

depicted in Fig.3.  

 

Fig.3: Schematics of the gap opening experiment to determine the 

bonding energy.  

By inserting a blade of thickness db into the edge of the 

welded sample and measuring the length of the gap (L) till 

the joint is destroyed, the bonding energy can be calculated 

from the following equation: 
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b =  (1), 

where E is the modulus of elasticity of the glass material 

(Assumed here to be E = 73 GPa )  and dp is the thickness 

of a single glass plate. It should be pointed out that Eb rep-

resents the bonding energy of the weld seam itself without 

the optical contact contribution. For typical gap widths and 

lengths achieved in this test, the optical contact between the 

glass plates is broken by the blade well before the weld 

seam becomes open. 

 

Results and discussions 

The results of the shear strength measurements are 

shown in Fig.4. For each set of parameters four samples 

have been produced and results for each test are shown in 

the figure. Absence of several data points on the chart is 

due to the sample failure caused by other defects rather 

than the weld seam breakage. The wide distribution of the 

measured values within a single processing group is at-

tributed to the material brittleness and presence of defects.   

 

Fig.4: Results of shear strength measurements for different 

ultrafast laser glass welding parameters.  

As it can be seen from the figure, for majority of samples 

the shear strength varies within 200-600 MPa range. These 

values are significantly higher compared to the shear 

strength of other commonly used joining methods: for opti-

cal contact bonding ~ 3 MPa [11], and for high strength 

adhesive bonding ~ 29 MPa [12]. At the same time the ab-

solute shear force that can be withstand by the weld seam is 

relatively low due to the small joining area, which is typi-

cally restricted to approximately 50 microns in the trans-

verse direction. The latter may be well acceptable for mi-

crojoining where the contact areas are intrinsically small. 

Results of the bonding energy measurements are shown 

in Fig. 5.The experimentally determined bonding energies 

are in the range from 0.56 to 4 J/m
2
 and substantially larger 

than the bonding energy of the optical contact, which is on 

the order of 0.1 ± 0.03 J/m². Also the overall mean bonding 

energy (1.7 J/m
2
) is similar to the value determined for the 

glass plates joined by diffusion bonding [3]. In comparison 

with the surface energy for soda-lime glass (3.8-3.9 J/m² 

[13]) the measured value is approximately as twice as small. 

That points out to a reduced number of bonds that have to 

be broken relative to the bulk material in order to create a 

new surface. This is presumably due to the presence of 

defects in the weld seam.  

 

Fig.5: Results for bonding energy measurements for different 

ultrafast laser welding parameters.  

There is an interesting difference in the result distribu-

tions for the shear strength and the bonding energy meas-

urements. The bonding energy distribution appears to be 

more uniform within a single set of parameters compared 

with the shear strength measurements. This observation can 

be attributed to the different origins of the sample failure. 

The failure in shear originates at the weakest point in a 

structure, which is typically the largest defected produced 

during the welding process. Since sample-to-sample maxi-

mum defect size variation is quite large (even if the sam-

ples are produced under identical conditions) the strength 

test will yield a broad spectrum of values that are best de-

scribed by Weibull distribution assuming the sample set is 

relatively large. Meanwhile, the bonding energy rather rep-

resents the number of missing intermolecular bonds, which 

is effectively averaged over all defects in the welding seam 

resulting in noticeably smaller sample-to-sample variation.  

Fig. 6 shows correlation between the mean values of the 

weld seam strength and the bonding energy for the same set 

of the processing parameters.  

 

Fig.6: Correlation between the stength and the bonding energy 

measurements.  

Although the error in determination of the mean values is 

considerably high, a weak trend in the experimental results 

can be noticed - high strength and high bonding energy of 

the weld seams seem to move in the opposite directions: 

high shear strength corresponds to low bonding energy and 

vise versa. While this counterintuitive result is not com-

pletely understood it can be partially correlated with the 

geometry of the welding volume. The highest bonding en-

ergy is achieved at the lowest feeding rate of 10 mm/sec 

that produces the largest interaction volume assuming the 

other processing parameters are kept constant. In opposite, 
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the highest shear strength has been achieved at the fastest 

feeding rate of 40 mm/sec with the same laser power and 

pulse repetition rate, when the weld seam is significantly 

smaller. To support this observation the results for the shear 

strength and the bonding energy measurements are re-

plotted as functions of the weld seam cross section area (in 

the direction coinciding with the common interface) and 

are shown in Fig. 7. It has been demonstrated that the latter 

directly correlates with the volume of the weld seam [14].  

 

Fig.7: Dependence of the shear strength and the bonding energy 

measurements on the size of the weld seam.  

As it can be seen from the figure, the joint strength is de-

creasing as the interaction volume is getting larger. This 

reduction is not due to the volume increase per se but rather 

due to the fact that larger weld seams tends to have the tear 

drop transverse shape with a well pronounced sharp tip at 

the very bottom of the weld redistributing the residual 

compression stress in the bulk material unevenly (Fig. 8).  

 

Fig. 8: Exemplary SEM image of a weld seam generated between 

two D263 glass plates with 4 W laser power at 1 MHz repetition 

rate, feed speed 20 mm/sec, NA 0.55. The laser beam propagation 

direction is from top to bottom (red arrow). The dashed circle 
points to the bottom tip of the molten zone. 

Ultimately, the tip can seed the crack propagation under-

mining the strength of the joint. For smaller interaction 

volumes the affected region tends to be more symmetrical 

with a noticeable reduction in the tip size and correspond-

ingly with a reduced seeder crack. Also the residual materi-

al stresses around the weld seam have more uniform spatial 

distribution. 

From the chart for the bonding energy it appears that 

the energy increases with the weld seam area. At this mo-

ment such behavior is not completely understood but the 

following plausible explanation may be proposed. Larger 

weld seam cross sections and correspondingly larger inter-

action volumes have longer cool down times. Longer cool 

down phase allows more efficient material mixing, while 

glass is in the liquid state, and reduces freezing of micro 

and nano voids inside the interaction zone. The latter fact 

promotes establishment of the intermolecular bonds that 

are normally present in the bulk material increasing the 

overall bonding energy. While this hypothesis is plausible 

it still has to be verified. In the authors’ opinion this can be 

done by evaluating the dependence of the total volume of 

the defects on the total volume of the interaction region by 

measuring the etching speed. 

 

Conclusion 

In conclusion, we have demonstrated that different merits 

can be used to quantitatively characterize laser produced 

weld seams in glass. These merits are the shear strength 

and the bonding energy that define weld resistance to fail in 

shear and in cleaving correspondingly. In absolute terms, 

the achieved shear strength and bonding energy exceed the 

values typical for conventional joining methods such as 

gluing or optical contacting, and can be on par with the 

diffusion bonding. This makes the ultrafast laser glass 

welding a promising joining technology especially for mi-

cro applications. The processing parameters such as the 

average laser power, pulse repetition rate, and feed rate 

strongly affect the achievable results and should be careful-

ly selected depending on the application. It has been 

demonstrated that the above specified merits do not follow 

each other and optimization of the one may occur at the 

expense of another. As of now such behavior of the laser 

produced weld seams is not completely understood but 

qualitatively attributed to the prevalence of different types 

of defects generated during the joining process. In this case 

overall suppression of the defect formation during the ultra-

fast laser glass welding can lead to higher strength and 

bonding energy of joints. 
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