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Strength of Joining Seams in Glass Welded by Ultra-fast Lasers
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Glass welding by ultra short laser pulses allows joining without the need of an absorber or a pre-
and post-heating process. However, in order to achieve high joining strength the processing parame-
ters such as feed speed, repetition rate, laser power and focal height must be chosen correctly. We
show in this work that albeit the shear force of the joining seam depends on the displacement be-
tween the focal position and the joining interface the focal height can be chosen in a relatively wide
range to provide welding seams with good quality. Furthermore, two different ways are examined in
order how to measure the shear strength of a welding seam inside optically contacted area.
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1. Introduction

Glass is a very popular material due to its excellent
physical and chemical properties. Its application can be
found throughout optics, telecommunications, electronics,
MEMS, biomedicine up to construction industry as well as
design. However, in order to be of use for these applica-
tions an assembly or joining of several glass parts is re-
quired. In this case, the physical properties which make the
glass excel in its application make it necessary to use elab-
orate technology to join it.

Nonetheless, several established technologies do al-
ready exist for this task. However, each glass joining tech-
nology so far has specific properties that make it useful
only within a limited application range. In general, joining
methods that use additional material such as in mechanical
mounting [1], gluing [2] or soldering suffer often from a
mismatch of thermal expansion coefficients between glass
and mount material, glue or solder. This limits e.g. the tem-
perature range in which such composites can be used.
Moreover UV-curable glues are often hazardous to health
and undergo a shrinkage process that leads to inherent
stresses in the joining area. In comparison to these joining
methods where additives are used also methods where no
additives are necessary can be applied for glass joining.
Such are e.g. optical contacting [3], thermal diffusion
bonding [4] or CO,-laser welding [5]. Here again the meth-
ods are not suited for all purposes: optical contacting is
susceptible to impact loads [6], thermal diffusion bonding
requires long processing times and CO,-laser welding can-
not be used on glass types other than fused silica without
pre- and post-heating.

By contrast, in the last few years a promising approach
for glass joining has been described, where no additives are
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necessary while the joining area achieves mechanical prop-
erties such as shear strength and bonding energy that are
comparable with the base material [7,8]. This joining
method uses ultra-short laser pulses that are focused strong-
ly into the transparent glass material, whereby a plasma is
generated inside the focal spot. The plasma heats and melts
the adjacent material. The dimensions of the molten zone
can be set by welding parameters such as laser power or
feed rate. The parameters must be chosen such that the re-
sulting welding seam is crack free, since an external me-
chanical load can cause nearly singular stress fields at the
tips of an already existing crack [9], thus enabling further
crack propagation.

However, feed rate and laser power are not the only pa-
rameters that influence the crack generation mechanism. A
further criterion is the sample preparation method. In [7]
has been shown, that optical contacting helps strongly to
provide welding seams with high seam strength.

Closely related to the issue of defect-free welding is the
displacement of the focal spot versus the joining surface of
the optical contact. The molten zone of a welding seam is
typically tear drop shaped with the tip located at the focal
spot position and the “round” region of the tear located
above the focal spot [10]. This shape originates in absorp-
tion processes inside the plasma which cause the plasma
region and thus the molten zone to grow towards the laser
source. Observation of welding seams under crossed polar-
izers shows qualitatively that the stress induced birefrin-
gence depends on the displacement of the focal spot to the
joining surface [10]. Moreover, [10] shows that for focal
displacements too close to the joining surface defects can
occur inside the welding seam which might compromise
the strength of the joint. In the present work the shear force
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and shear strength depending on the focal displacement
from the joining surface are investigated. Since the investi-
gated glass samples were prebonded by optical contacting
in order to suppress defect generation during welding the
contribution of the prebonded area must be taken into ac-
count. Therefore, in this work two different methods are
presented and evaluated in order to find the best solution to
determine the shear strength of the welding seam only.

2. Experiment

Prior to welding the glass samples were prepared by
optical contacting of glass slides. This was done in order to
avoid crack generation during welding [7]. As glass boro-
silicate D263 T with a thickness of 1 mm has been used.
Since the surface quality of these plates was not intended
for optical contacting, it was not possible to achieve optical
contact across the whole area of the glass plates. Nonethe-
less the achieved area was still sufficiently large to accom-
modate the welding seam. The samples were prebonded in
such a way that parts of the plates extended to the sides as
shown in the inset of Fig. 1.
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Fig. 1 Schematics of the experimental setup used for glass
welding. The inset shows the shear strength meas-
urement.

The experimental welding setup is depicted in Fig. 1.
The laser used for welding was Fuego from Time-
Bandwidth Company with a FWHM-pulse duration of ap-
prox. 10 ps at 1064 nm. The repetition rate was set to
1 MHz. The average laser power was set electronically by
an internal polarizing attenuator inside the laser system.
The beam is then focused onto the sample by an IR micro-
scope objective with a numerical aperture of 0.55, a magni-
fication of 50x and a working distance of 6 mm. The objec-
tive was mounted on an automated z-positioning stage. In
combination with the objective a camera was used in a con-
focal setup in order to observe the focus of the laser beam
on the sample. The pre-bonded glass samples were mount-
ed on an x-y-translation stage. The average power used for
welding was 2 W and the feed rate was set to 20 mm/s.

The samples were aligned first horizontally by measur-
ing the distance from the microscope objective to the upper
surface of the sample for several x-y-positions. From the
measured heights angles have been calculated by which the
sample must be tilted in order to have the upper surface of
the samples in horizontal position. In a second step the
lower surface of the upper glass plate was found with the
same confocal setup. As the optical contact provides no
reflections this was performed on a portion of the upper
glass plate of the sample that extended over the lower glass
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plate. The detected position of the rear surface of the upper
plate has been used as the reference height from which the
focal spot is displaced. The displacement was set geometri-
cally to 0 um, -10 pm, -20 pm, -30 um and -40 pm. Please
notice that due to the geometrical displacement the true
distance of the focal spot to the joining surface is exagger-
ated by the refractive index of glass, in this case approxi-
mately 1.52 [12]. The negative sign shall indicate that the
focal spot was displaced below the reference height. The
repeatability of the positioning stage was smaller than 4 pm.

Two different shear test experiments have been carried
out in order to evaluate the dependency of the shear force
of the welding seam on the focal displacement as well as to
characterize the feasibility of the shear tests. The reason for
this approach was the prebonding of the samples. The pre-
bonding holds the glass plates by Van der Waals forces.
Due to the much larger prebonding area in comparison with
the welding seam area the shear forces exhibited by the
prebonding are larger than the shear force necessary for the
welding seam. Thus the optical contact must be taken into
account if the shear force or strength of the welding seam is
to be measured.

This can be done in a straightforward way, where the
shear force is measured for prebonded as well as prebonded
and welded samples and afterwards the averaged shear
forces for each group are subtracted from each other and
divided by the area of the welding seam [7]. In the present
case the procedure was further refined so that prior to the
shear test the prebonded area was measured. The measure-
ment was performed by scanning the glass samples with a
digital flatbed scanner while the prebonded area was de-
duced from the scanned image using commercial image
processing software. Knowing the prebonded area of the
welded samples allows to choose prebonded samples with a
similar prebonding area to calculate the shear strength. The
length of the welding in this experiment was set to 9 mm
and for each focal displacement 3 samples were used.

The approach for other shear test experiment was again
to reduce the influence of the prebonded area on the weld-
ing seam. The basis for this was found in preliminary ex-
periments where it was observed that prebonded glass sam-
ples (especially those with lower surface quality) that are
not welded tend to separate completely after some time if
put into water or alcohol. By contrast welded samples did
not separate. Therefore, welded samples were prepared
prior to the measurements by immersing them for 15h in a
98.4 % ethanol solution. In this case ethanol was chosen
since its surface tension is significantly lower than the sur-
face tension of water while its viscosity is only marginally
higher [13,14]. In this way the ethanol solution should
permeate the sample more thoroughly while the lubrication
of the samples is similar to water. In this experiment the
welding seam length was 8 mm and for each focal dis-
placement 4 glass samples were welded. The shear strength
was calculated directly by dividing the measured force by
the welding seam area.

In both experiments the width of the broken welding
seam was measured by an optical microscope along the
seam at several positions. The welding seam area was cal-
culated by multiplying the average value of the seams
width by the length of the welding seam.
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3. Results

Fig. 2 shows the measured shear forces for prebonded
as well as welded samples. The force measured for welded
samples is marked according to the focal displacement with
respect to the joining surface. It can be clearly seen that
although the shear force of just prebonded samples fluctu-
ates the shear force for the displacements of -20 um and
-30 um lie above the majority of prebonded samples. By
contrast the shear forces of the displacements of 0 um,
-10 pm and -40 pm lie somewhat lower than the majority
of shear forces measured for prebonded samples.

It is obvious that the scattering of the measured shear
force is very large so that only very approximate values for
the shear strength of a welding seam can be calculated.
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Fig. 2 Shear forces measured in dependence of the optical
contact area for prebonded samples as well as pre-
bonded and welded samples. The focal spot was
displaced below the joining surface.

This fact is even more enhanced in fig. 3 which shows
that only focal displacements of -20 pm and -30 pm lie
above the average value for prebonded samples. For other
focal displacements a calculation of shear strength as de-
scribed in section 2 is not possible. Nonetheless, the shear
strength was calculated using shear forces in fig. 3 and the
measured welding seam areas. Table 1 shows the shear
strength along with the values used for calculation. The
measurement uncertainty was determined by the Gaussian

law of error propagation.
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Fig. 3 Averaged shear forces plotted versus the focal dis-
placement. The horizontal line shows the average
shear force of the prebonded samples, the blue area
depicts the extents of its standard deviation.

The results in table 1 suggest that high shear strengths
of the welding seams are probable. However, due to the
very high measurement uncertainty which in the case of -
20 um focal displacement even exceeds the determined
average value no conclusive result for the strength can be
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given. Only a tendency of higher shear forces in the range
of -20 um and -30 pm can be assumed from this type of
experiment.

Table 1 Measurements used for shear strength calcula-
tion of optically contacted samples without
ethanol immersion.

focal dis- shear force welding seam shear

placement difference area strength
(nm) (N) (mm?) (MPa)
-20 42 £53 0.174 £ 0.008 240 + 320
-30 73 £ 60 0.213 +£0.004 340 + 290

The shear force measurements of welded samples im-
mersed in ethanol are given in fig. 4. However, fig. 4
doesn’t show the results for all welded samples. The rea-
sons are the ethanol did not permeate some of the samples
sufficiently resulting in shear forces of about 150 — 200 N
that are comparable to fig. 2. Furthermore, the edge quality
of some samples was not sufficiently high resulting in the
damage of the glass plate during the shear test, while the
optical contact or the welding seam were not broken.
Therefore the measurements of these samples were taken

out of consideration.
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Fig. 4 Shear forces measured in dependence of the focal

displacement for welded samples immersed prior
to the shear test in ethanol.

It is evident that in fig. 4 the measured shear forces are
much lower than in fig. 2. Also in this case the measure-
ments suggest a dependency of the measured shear force on
the focal displacement. The shear strength resulting from
the measurements in fig. 4 is shown in fig. 5 along with the
measured welding seam area. For focal displacements
where only a single sample could be evaluated no meas-
urement uncertainties are given.
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immersed in ethanol prior to the shear test.
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4. Discussion

Fig. 3 and fig. 4 show that the shear force tends to reach
its maximum at focal displacements between -10 um and
-30 um. However, only for -30 pm displacement in both
experiments a shear force increase was measured for more
than one sample.

In the first experiment conducted with prebonded glass
samples the measurement precision is compromised due to
the fact that the contribution of the optical contact to the
overall shear force is larger than the actual shear force of
the welding seam. Therefore, although this experiment is
fairly straightforward it is not suitable for exact measure-
ments, especially if there are no large quantities of samples
available that could be used for reliable statistical analysis.

In the second experiment the influence of prebonded
area on the shear force was avoided by immersing the sam-
ples in ethanol prior to the shear test. The uncertainty of the
measurements in fig. 5 is caused mainly by the lack of
samples that could provide statistical support for the meas-
ured values since some the samples were either not perme-
ated thoroughly by ethanol or the quality of the glass edge
was not high enough to withstand the shear test.

The average shear strengths determined in fig. 5 lie at
50 MPa or higher. The values lie close to the basic shear
strength of glass which is in the range of 100 — 200 MPa
[15]. Interestingly the shear strength in fig. 5 does not fol-
low the run of the measured force in fig. 4. This behavior
suggests that probably mechanical tensions are present in-
side the welding seam that reduce the strength of the seam.

Nonetheless, the high strength across the different dis-
placements shows that the glass welding process is also
tolerant to focal displacement other than -20 pm, which
means that a stable welding process can be easily realized.

A possible cause for errors during both experiments can
be found in the surface parallelism of the glass plates. Even
though the glass plate roughness was sufficiently low to
establish optical contact between the plates thickness de-
viations of up to 4 um were measured across a single glass
plate. This may lead to an error in focal positioning accura-
cy across the sample even if the upper surface of the sam-
ple is horizontal. This error is augmented by the refractive
index of glass. This means that in the worst case an exper-
iment done at a certain focal displacement could effectively
act as a focal displacement set off geometrically by 10 um.
However, from the area of the welding seam depicted in fig.
5 can be assumed that this kind of error can probably be
neglected since the run of the welding seam seems to fol-
low the typical tear drop shaped cross section of a welding
seam [11].

5. Conclusion and outlook

As long as the glass samples are joined without defects
during ultra-fast-laser welding the achievable shear
strengths lie close to the basic strength of the glass material.
However, since the welding area depends on the focal dis-
placement with respect to the joining surface higher shear
forces are to be expected for broader welding seams.

Indeed, the presented experiments show such behavior,
where the maximum shear forces are reached at focal dis-
placements approximately around -20 pm. Nonetheless the
observed dependency of the shear force on displacement is
not highly pronounced. This means that the requirements
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on the accuracy of the focal position are not stringent and
can be chosen in a range of 0 um to -40 um. This is valid
for as long as the welding parameter such as average laser
power or feed speed are the same as in this experiment. It is
to be expected that for lower average laser power or higher
feed speeds the accuracy requirements become more strin-
gent as the welding seam height decreases under such con-
ditions. Such conditions might become necessary if either
higher welding throughput must be realized or if the avail-
able laser power is an issue.

However, the presented experiments make clear that the
approach to measure the shear force of the welding seam
must be further improved to increase the precision and reli-
ability of the results. The approach which will be used in
subsequent experiments will be to open the optical contact
after welding by inserting a wedge into the sample from
both sides of the welding seam as in a crack opening test
[8]. The wedges will be pushed as far as possible towards
the welding seam so that only a minimal portion of optical
contact remains around the welding seam. Prior to shear
test the plates will be immersed in an ethanol solution to
further decrease the friction of the optically contacted
plates. This way the influence of the optical contact can be
reduced in principle completely.
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