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Abstract

Femtosecond laser pulses were focused on the
interface of two glass specimens. Proper use of optical
and laser processing parameters enables transmission
welding. The morphology of the weld cross section
was studied using differential interference contrast
optical microscopy. The changes in mechanical
properties of the weld seams were studied through
spatially resolved nanoindentation, and indentation
fracture analysis was used to investigate the strength of
the weld seams. In addition, a numerical model was
developed to predict the absorption volumes of
femtosecond laser pulses inside a transparent material.
The model takes into account the temporal and spatial
characteristics and propagation properties of the laser
beam, and the transmission welding widths were
subsequently compared with the absorption widths
predicted by the model.

Introduction

Glasses are widely used in various flat panel displays
and biomedical applications. Joining techniques of
glasses are usually based on adhesive agent or
interlayer. Laser beam welding is considered to be one
of highly flexible techniques for joining glass. The
main advantages of laser welding are that the energy is
supplied contactless and can be directly coupled in the
joining zone. However, due to high transmission of
light through these transparent materials, glass-glass
joining by conventional laser requires interlayer or
opaque material between the top and bottom pieces to
absorb laser energy. However, due to non-linear
absorption characteristic of femtosecond laser,
transmission welding of both transparent materials is
possible when the laser beam is tightly focused on the
interface between two glass plates.

Two different regimes of transmission welding by
ultrashort pulse laser have been identified. The low
repetition rate regime (1-200 kHz) and high repetition
rate regime (>200 kHz) depending on whether the time
interval between successive pulses is longer or shorter
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than the characteristic time that heat diffuses outside
the focal volume [1]. Tamaki et al. [2] first
demonstrated the welding between two silica glass
plates without a light-absorbent intermediate layer
using low repetition rate femtosecond laser. Watanabe
et al. [3] then reported on the welding of dissimilar
transparent materials using the same laser, and also
investigated the parameters that resulted in joining by
varying the laser pulse energy and the translation
velocity. However, there has been no morphology
study of the weld seam and no clear welding cross
section figure in this low repetition rate regime.
Tamaki et al. [4] also reported on laser micro-welding
of transparent materials based on a localized heat
accumulation effect using high repetition rate
femtosecond laser, and performed a simple tensile test
after welding to estimate the joint strength. However,
the testing procedure was not precise due to inability to
continuously increase the applied load. Later on, there
are more reports [5-7] on the possibility of ultrashort
pulse laser welding of borosilicate glass substrates in
the high repetition rate regime. However, there has
been no quantitative evaluation of joint strength and no
mechanical property study of the weld seam.

There are many attempts to simplify the problem by
characterizing mechanical properties of the molten
region irradiated by ultrashort pulse laser inside a
single piece of transparent materials. Miyamoto et al.
[8] evaluated the mechanical strength of laser-melt
zone using a three-point bending test, and showed that
the strength in that zone was as high as un-irradiated
base material; however, the sample had to be polished
to unveil the laser induced feature at the bottom
surface in order to experience the maximum tensile
stress. Borrelli et al. [9] performed a double torsion test
to measure fracture toughness, and revealed that the
apparent fracture toughness is increased within the
laser-treated area due to strengthening effect.
Bellouard et al. [10] used nanoindentation tests to
show an increase in Young’s modulus within the laser
treated zones of fused silica irradiated by femtosecond
pulses with high repetition rate; however, these
measurements were not constrained to within the
treated regions. Kongsuwan et al. [11] performed
spatially resolved nanoindentation test and revealed a
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decrease in Young’s Modulus and hardness, and an
increase in ductility in treated regions of fused silica
irradiated by femtosecond laser pulses with low
repetition rate; however, the mechanical properties and
strength of real weld seams instead of features inside
single-piece specimens are still required further
investigation.

In this paper, transmission welding using femtosecond
laser with low repetition rate has been performed to
study the morphology and mechanical properties in the
welding zone. A role and effect of the gap at the
interface between two transparent material plates on
the welding and a joining mechanism of low repetition
rate femtosecond laser have also been investigated.
Differential interference contrast optical microscopy is
employed to study the morphology of the weld cross
section, and it will also be compared with the results
from a developed numerical model. Spatially resolved
nanoindentation will be used to study the mechanical
properties and the strength of the weld seams.

Background

Femtosecond Laser Interaction with Transparent
Materials

For transmission welding, due to Gaussian temporal
profile of a femtosecond laser pulse, when a laser
beam is tightly focused by objective lens below and
close to the interface of two glass plates the leading
edge of the converging laser pulse starts breakdown
the material at or above the focal plane when the
intensity reaches the material breakdown threshold,
and the subsequent temporal slices of the laser pulse
with higher intensity then produce breakdown upward
where the beam diameter is larger [12-13] leading to
the teardrop-shaped absorption volume. Since
breakdown threshold of air is less than that of glasses,
both glasses and air are ionized inside the absorption
volume. The shape of this volume is assumed top-half
ellipsoid and bottom-half conical frustum, and its
volume, Vqs, surface area, S, and lateral (wy,) and
axial (w,) 1/e? radii are approximately equal to:
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intensity threshold of materials, M? is the laser quality
factor, and A is the laser wavelength.

At the end of femtosecond laser pulse duration, the
laser energy absorption process is completed, and hot
electron plasma will be semi-confined within the
absorption volume of which the surface area is
partially exposed to the air gap between the two plates.
When the electrons have transferred their energy to
ions, the hydrodynamic motion starts, and the shock
wave emerges from the energy deposition zone [14].
The total deposited energy density, Qgep, build up the
pressure gradient in the absorption volume that drives
the shock wave, the average pressure, Pgg, in this
volume can be calculated as [15].
AE
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where A is the absorption coefficient, E, is the laser
pulse energy. This pressure are considerably higher
than the van der Waals force between two parallel
transparent material plates pressed together to have a
very small gap (1-2 um). The van der Waals force per
unit area, Fyw, is given by Eq.(6) [16]. Although the
plates are clamped on both sides, due to these shock
pressures, the gap at the interface is open wider equal
to the deflection, ¢, in Eq.(7) considering model of
beam simply supported at both ends and subjected to a
concentrated load at any point [17].
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where d is the distance between plates, h is the
Planck’s constant, c is the speed of light, n, is the
refractive index of the plates at infinite wavelength, | is
the distance between both supported ends, a and b are
the distance from the load point to each supported end,
E is the Young’s modulus of materials, | is the area
moment of inertia.

The shock wave generating inside the absorption
volume will propagate to all directions. Most of the
shock wave propagating directions is confined within a
cold material; therefore, most of the material inside the
absorption volume is compressed and transformed into
a post-shock state. However, some shock wave
propagating directions are toward the open space of air
gap at the interface between two plates. Thus, there is
small fraction of mass transporting from the absorption
volume to the air gap in its surrounding region.



Mechanical Properties and Strength of the Weld
Seam

Obviously, the material in transmission welding region
possesses properties different from that in the initial
state. Depend on applications, the weld seams may
subject to different types of loading such as tension,
shear, and etc. For ductile materials, weld strength is
typically determined using tensile tests, shear tests,
torque tests, and etc. However, for brittle materials
such as glasses, they deform elastically up to failure
without permanent deformation under the action of
tensile stress, and the fracture begins in a direction
approximately perpendicular to the maximum tensile
stress. Therefore, fracture mechanic analysis may be
used as a tool to identify the weld strength as well.
Mode | (opening mode) of fracture, which is a failure
due to tensile stress, is the most applicable to glasses
since they generally fail in tension, which is more
likely the loading type in flat panel display application.
From Griffith’s analysis under tensile stress, the
strength of a flawed brittle solid, o, is given by [18]:

o, =+2Ey /7

where E is the modulus of elasticity, y is the free
surface energy, and c is the crack length.

It may realized from Eq.(7) that & Jzc =,2Ey =
constant, depending upon the material and its
environment [19]. In mode | under applied stress, oy,
the stress intensity factor, K, = o, +/zc , is defined, and
the fracture toughness or the critical stress intensity
factor, K, :gf\/E, is thus a physical characteristic
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of the material. The fracture would occur when
K, > K- It is widely accepted that K,c can be

obtained by measuring the post-indentation radial
crack size emanating from the indent as a function of
load as given in Eq. (8) [20]

- % En P
Kc =& (cotd .

where & is the dimensionless constant, @ is the
indenter half-angle, E and H are the indentation
Young’s modulus and hardness of the material, P is the
peak indentation load, and c is the crack length. Lower
E/H corresponds to lower hoop-tensile residual field
intensity, implying a stronger elastic recovery and thus
more pronounced radial extension during the
unloading half-cycle [20].

Hardness of a glass can influence the practical strength
through its influence on the resistance to flaw
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formation [21]. Therefore, the hardness profile of a
weld is often shown as an estimate of tensile strength
[22]. The elastic modulus of glasses is related to bond
strength, and it is higher for glass with a more rigid
structure. Although further investigation is needed, it is
interesting that the hardness (H), the modulus (E), and
the elastic-plastic ratio (E/H) at the weld region may
reflect transmission welding strength of transparent
materials.

Numerical Analysis of Absorption Volume

Based on fundamental of laser beams and optics, in
order to accurately capture absorption volume shape,
the numerical model should be constructed by
considering the Gaussian temporal distribution of laser
power, P(t), in laser pulse duration as given in Eq. (9)
and considering the Gaussian spatial distribution of
laser intensity, 1(x,y,t), with 1/e® radius of unfocused
beam, Ry, as given in Eq. (10).
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where E, is the laser pulse energy, t, is FWHM pulse
duration, r =./x?+ y?is the distance from the center

of laser beam, and t is time. The laser beam with
intensity corresponding to Eq. (10) focused by an
objective lens will be converged to a diffraction-
limited spot size, and the variation in size of
converging laser beam can be calculated by Eq. (11).
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where wy is diffraction-limited radius, A is the laser
wavelength, NA is the numerical aperture of an
objective lens, M? is the laser quality factor, z is the
distance from laser focal plane.

Once the laser intensity at each time slice in Eq. (9) is
focused into the material to the positions that their
absorbed intensities are condensed enough comparable
to the intensity threshold, I, of the material given by
Eqg. (12) [23], there are breakdown, and plasma is
assumed to be formed at those positions. The
breakdown will be generated upward during the first
half of pulse duration to form the absorption volume,
and the energy in the second half of pulse duration will
be absorbed in this absorption volume to generate
higher-density plasma in the absorption volume.
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where n. is the electron critical density, n, is the

density of neutral atoms, S is the field ionization

coefficient, and ny, is the number of absorbed photons.

Experimental Setup and Characterization

Transmission welding is achieved by using a chirped
amplified Ti:Sapphire laser system which outputs high
energy ultrashort pulses with 800 nm wavelength and
130 fs pulse duration at a 1 kHz repetition rate. The
commercial grade borosilicate glass (BK7) of 1.0 mm
thick was cut to approximately 6 mm x 12 mm size and
then cleaned by RCA-cleaning [24], subsequently
pressed together at around 2 MPa for 10 min, and
clamped on the both ends before fixing on a motorized
linear stage and processing by femtosecond laser
pulses. The laser beam was focused by 40x objective
lens with NA 0.60 onto the interface between the
plates. A schematic diagram of the experimental setup
is illustrated in Fig. 1. Different conditions of laser
processing parameters were applied by varying the
feed rate of the stage and the energy of the laser pulses.

After the femtosecond laser treatment, the samples
were then ground with carbide papers and polished
with cerium-oxide and a leather polishing pad to have
smooth  surface. Reflective light differential
interference contrast (DIC) optical microscopy, which
can reveal more contrast and details in the feature
morphology was used to obtain the cross section view
of the weld seams. The welding zone was examined
via nanoindentation using a three-sided Berkovich
indenter tip to characterize the mechanical properties.

Femtosecond laser pulses
Wavelength : 800 nm
Pulse duratlon ' 130 fs
Repetition rate 1 1 kHz

40X
NAO.B

Ob jective lens

/SCZnnlng direction

Figure 1: Schematic illustration of experimental setup. The
laser beam is focused onto the interface of two borosilicate
glass plates, and the scanning direction is along the y-axis.
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100 nm depth spatially resolved nanoindents with 3
pum spacing in the x and z directions were conducted to
cover the cross section of both the welding zone and a
nearby unaffected region. 150gf load nanoindents were
also performed on the features to induce cracks in
order to investigate the change in fracture toughness of
the welding zones. Different laser pulse energy
conditions were used to investigate the effects of laser
pulse energy on morphology and mechanical
properties of the weld seams.

Results and Discussion
Welding Morphology

Other studies [6-8] used the high precision flatness of
glass plates and mentioned the gap need to be less than
M4 in order that the welding to be succeeded.
However, BK7 glass plates with standard flatness of 3-
5 waves/inch was used in this study. The welding is
successfully performed, and Fig. 2 shows transmission
welding cross section of two BK7 glass plates from
reflective DIC optical microscopy. There is continuity
of the material from the top piece to the bottom piece
in welding region. From this figure, it can also be
observed that the shape of an affected region is a
teardrop shape and it looks similar to the morphology
of femtosecond laser modification inside single piece
of a material [11]. AFM topography was also carried
out to image cross section profiles across both welding
and reference regions as shown in Fig. 3. It is very
clear that the two borosilicate glass plates were joined
together although the gap between the plates is not as
low as /4.

For a mechanism of transmission welding seam
formation in case of using low repetition rate regime of
femtosecond laser pulse, due to its low repetition rate
and the presence of the air gap at the interface, the
pressure evolution inside the absorption volume will
play an important role in welding seam formation.

Figure 2: Reflective DIC optical microscopy of cross section
view (x-z plane) of a welding seam (laser pulse energy of 10
wJ, scanning speed of 0.02 mm/s, and rep rate of 1 kHz.)
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Figure 3: AFM topography of a welding seam in Fig. 2.

The material and air inside the absorption volume that
were ionized to experience high temperature and high
pressure will be eventually compressed and
transformed into the welding and affected regions.
According to Eqg. (1) and (2), in case of 10 uJ pulse
energy, the absorption volume is approximated 6.84 x
10 m?, and the surface area of this absorption volume
is approximated 4.18 x 10™° m?. The average pressure
of 14.6 GPa, which calculated from Eq. (3), is assumed
to be generated inside the absorption volume. From
Eq. (5), this pressure causes the deflection of the plates
around 43.5 nm if the welding line distance 1 mm from
a supported end or 466 nm if the welding line locates
at the center between the supported ends. Assuming
the initial gap is equal to 1.5 um, the gap will be
opened wider, and the surface area of the absorption
volume is semi-confined with approximately 10% of
the area exposed to the open space. Therefore, it
depends on the average pressure, the pressure gradient,
and the open-space area, some small fraction of post-
shock state material would possibly be driven out of
the absorption volume to the surrounding area at the
interface between the plates as debris.

To verify this mechanism, the top view of welding
lines with different pulse energies shown in Fig.4, was
analysed. There are four distinctive lines in this figure
with the processing conditions of increasing laser pulse
energy from the leftmost to the rightmost line. For the
first welding line on the left, since the top portion of
absorption volume lies on the interface, the pressure
gradient in directions that confined within the material
was stronger than in the directions that open to space,
and the debris was left close to the welding line. On
the other hand, for the second welding line, due to high
enough average pressure and strong pressure gradient
in the directions open to space, the debris was driven
farther and scattering debris was found quite far away
from the second welding line. When the laser pulse
energy is further increased as the condition of the third
welding line from the left, the average pressure, the
pressure gradient, and the unconfined area are all
decreased such that surrounding the welding line, the
debris was rarely seen. For the last welding line on the
right, although the laser pulse energy is the highest of
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Figure 4: Transmission DIC optical microscopy of top view
of different-condition welding lines (laser pulse energy of 10
wJ, 20 wd, 30 pJ, and 50 wJ respectively from the left,
scanning speed of 0.02 mm/s, and repetition rate of 1 kHz.)

the four conditions, the average pressure is the lowest,
and the pressure gradient is too low to drive the debris
out from the absorption volume. However, the local
pressure in this condition is higher than that in the
other conditions such that many cracks were induced
near the welding line as shown in Fig. 4.

The effect of laser pulse energy on the welding width
is shown in Fig. 5. From the experimental result at
different pulse energy, the width of welding lines was
increased when increasing laser pulse energy. From
Eqg. (3), the width of absorption volume depends on
peak power or laser pulse energy; therefore, for higher
pulse energy, the materials inside the larger absorption
volume will be transformed into the bigger welding
and affected regions. The welding width may be larger
than the width of absorption volume due to multiple
pulse effect, but it should have the same order of
magnitude in size with the width of absorption volume,
and it should increase in size when the laser pulse
energy was increased as clearly seen in Fig. 5.
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Figure 5: Comparison of experimental welding width and
numerical absorption width in transmission welding of
borosilicate glass plates at different laser pulse energies.
Error bars denote standard deviation.



Absorption Volume Modeling

To model the absorption volume shape, one should
consider both temporal and spatial distribution
characteristics of femtosecond laser pulses, and also
account for the focusing characteristics of collimated
laser beam through transparent materials. Fig.6
illustrates the schematic flow diagram of the
absorption volume modeling. From an known amount
of laser pulse energy, a full-width-at-half-maximum
(FWHM) pulse width, and the assumption of Gaussian
temporal profile of femtosecond laser pulse, the
distribution of power in laser pulse duration can be
determined by Eq. (9). Subsequently, using Eqg. (10),
the distribution of intensity in unfocused laser spot can
be calculated from each temporal slide of power, 1/e?
radius of unfocused beam, and the assumption of
Gaussian spatial profile of femtosecond laser pulse.
From the laser intensity at any locations within the
unfocused laser beam and the intensity threshold of
transparent material, the breakdown points in lateral
direction of converging laser beam could be derived by
considering how intense the area should be in order
that the intensity at those locations will reach the
material intensity threshold. Consequently, the
breakdown points in optical axis can be determined
from each breakdown points in radial axis, the
diffraction-limited spot size and the variation in size of
converging laser beam by an objective lens using Eq.
(11). The breakdown points in each temporal slice
form the concave-down parabolic line, and breakdown
lines in full temporal profile eventually form the
absorption volume as shown in Fig. 7(a) and Fig. 8(a).
Assuming the small air gap between the interface, and
ignoring the reflection at the interface, this model is
applicable for transmission welding as well as inside

single piece.
Temporal Gaussian

Temporal distribution of laser power
2 Spatial Gaussian
1/e” unfocused ™) [ Time >—{ Temporal Sice Profile
beam radius ‘
Intensity Threshold
of material

Spatial distribution of laser
Beam Propagation

.

Local Intensity

Breakdown points
in radial axis

Breakdown points in
optical axis

Figure 6: Schematic diagram of absorption volume modeling.
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Fig. 7(a) shows cross section of the absorption volume
at different laser pulse energies. The cross section
shape of the absorption volume indeed looks like the
teardrop shape. The width and height of cross section
are greater with increasing laser pulse energy
corresponding to the experimental results in other
studies [11-13]. Higher laser pulse energy leads to
higher peak power, which generates higher local
intensity. Consequently, the breakdown points of the
material will be farther from the center in the radial
axis, and will also be farther from the focal plane in the
optical axis. Therefore, the height and width of the
absorption volume in high laser pulse energy are
greater than low laser pulse energy as shown in Fig.
7(b). The widths of absorption volume at different
laser pulse energies were also compared to the
experimental welding widths in Fig. 5. The numerical
widths had the same order of magnitude with the
experimental ones, and they followed the same trend of
increasing width for higher laser pulse energy.
Therefore, the absorption volume model could give the
user an idea how big the welding width he will get by
using designed pulse energy. For the aspect ratio of the
absorption volume, it is more-or-less constant
corresponding to the aspect ratio of the experimental
features in previous study [11], and also corresponding
to the aspect ratio of focal volume using the
illumination point spread function, of which the ratio is
constant and independent of laser pulse energy [25].
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Figure 7: (a) Cross section view (b) height, width, and

height/width ratio of absorption volume at different laser
pulse energies (NA 0.6)



Fig. 8(a) shows the cross section of the absorption
volume using different numerical apertures (NAs) of
objective lens. For high NA, the teardrop shape of the
absorption volume tends to have more-or-less
equivalent size in height and width corresponding to
the experimental results of Schaffer et al. [12]. Using
high NA, laser beam is more tightly focused to a
smaller diffraction-limited spot size as given in Eq.
(11). For each temporal slice of fixed laser pulse
energy, the intensity of any points within the
unfocused beam will reach the material intensity
threshold when the laser beam is focused down to a
smaller spot, and their breakdown locations in the
radial axis are not changed. Therefore, the widths of
absorption volumes are constant and independent of
NAs as shown in Fig. 8(b). However, their
corresponding breakdown points of material in the
optical axis depend on the diffraction-limited spot size
and the converging angle of focused laser beam. For
higher NAs, the unfocused laser beam is converged
faster to the diffraction-limited spot size at the
focusing plane; therefore, at same breakdown points in
the radial axis, their corresponding breakdown points
in the optical axis are closer to the focusing plane. The
heights of absorption volumes are thus decreased with
higher NAs as shown in Fig. 8(b). For the aspect ratio
of the absorption volume, it is decreased with higher
NAs corresponding well with the aspect ratio of the
experimental features studied by Schaffer et al. [12].
The shape, size and aspect ratio from this absorption
volume model thus better reflect the experimental
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Figure 8: (a) Cross section view (b) height, width, and
height/width ratio of absorption volume at different NAs
(laser pulse energy of 20 pJ)
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results than using the focal volume of illumination
point spread function.

Mechanical Properties of the Welding

Fig.9 shows the reflective DIC optical image of a
nanoindentation array on the cross section of a
transmission welding line of two borosilicate glass
plates with the processing condition of 10 pJ laser
pulse energy and 0.02 mm/s laser scanning speed. The
indents at 100 nm depth with a spatial resolution of 3
um covered both unaffected and welding region. The
representative curves of indents from reference region
and inside the transmission welding seam were
illustrated in Fig. 10. At same maximum indentation
depth, the maximum load of the indent performed in
the unaffected region is greater, and its residual depth
is shallower. These curves imply that the mechanical
properties in transmission welding region are changed
from its original properties. However, in order to
understand how those mechanical properties change,
and how they relate to the welding strength, the
spatially resolved determination and indentation
fracture will be drawn into consideration.

Figure 9: Reflective DIC optical image of spatially resolved
nanoindentation array (100nm depth and 3 um spacing) on
the cross section (x-z plane) of a welding seam in Fig. 2.
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Figure 10: Representative load-displacement curves for 100
nm depth nanoindents in the welding and reference regions
of borosilicate glass.



Modulus

Y-Position (um)

X-Position(um)
Hardness
12 5
94
[
- 3
5
§ o
Z
£ 3
i
-6 -
-9
-12
1
(b) X-Position(pm)

Figure 11: Spatially resolved determination of (a) Young’s
modulus (b) hardness contour on the cross section of welding
region. The contour maps correspond to the array of 100 nm
depth nanoindents with 3 um spacing shown in Fig. 9.

Fig. 11(a) and Fig. 11(b) illustrate the contour plots of
Young’s modulus and hardness values corresponding
to all indents in Fig. 9. The horizontal lines on the
contour plots represent the welding interface while the
vertical lines represent the center of welding cross
section. From the contour plots, compared to their
original values, the Young’s modulus and hardness in
the welding region are both decreased. Repeatedly
heating and quenching, the material in the welding
region will experience high temperature and high
pressure. The presence of breaks in the linkage within
a structure due to high pressure allows easier
displacement of the atoms and reduces elastic modulus
[21]. The hardness of glasses is determined by the
strength of the bonds forming the network and by the
structure of the glass [19]; therefore, due to the high
pressure effect, the hardness would also be decreased
as well.

Fig. 12 (a) and Fig. 12(b) show the variation of
Young’s modulus and hardness along the vertical line
across the welding seam. The dash-dot lines on figures
represent the interface of two borosilicate glass plates,
and the values on right hand side of these lines
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represent the material properties in the top piece. The
Young’s modulus and hardness of affected region near
the interface are as low as the welding material at
interface, however, from these plots, they revealed that
the affected region in the top piece is larger than the
bottom piece. This could be due to the effect of the air
gap at the interface. It could possibly reflect out some
fraction of laser energy, and obstruct some breakdown
points in the bottom piece of material. Therefore, the
energy is less coupled into the bottom portion of the
absorption volume, and there is less variation in
mechanical properties in the bottom piece region that
distance away from the interface.

Fig. 13 shows the contour of E/H ratios corresponding
to the indents in Fig. 9. It is very obvious that the E/H
ratios are increased in the transmission welding region.
From indentation analysis, higher E/H corresponds to
higher residual field intensity, implying a weaker
elastic recovery and thus less pronounced radial crack
extension during unloading half-cycle [20]. Therefore,
the E/H ratio of material could be directly related to
the fracture toughness of material. Higher E/H ratio
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Figure 12: The variation of (a) Young’s modulus (b)
hardness along the vertical line across the welding seam
(laser pulse energy of 20 wJ, scanning speed of 0.02 mm/s.)
The dash-dot lines represent the interface of two borosilicate
glass plates.
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Figure 13: Spatially resolved determination of the ratio
between Young’s modulus and hardness (E/H) on the cross
section of welding region. The contour maps correspond to
the array of 100 nm depth nanoindents with 3 um spacing
shown in Fig. 9.

may lead to higher fracture toughness. To confirm the
effect of increasing E/H ratio in transmission welding
region, indents at greater depth were carried out to
induce the radial cracks at the corners of
nanoindentation imprints. Fig. 14 shows the DIC
optical image of cracks induced by a bigger
nanoindent. The bottom corner of nanoindentation
imprint is within the welding region, and the crack at
the bottom corner extended across the welding at
interface of two borosilicate glass plates. Comparing
the crack lengths at three corners or the
nanoindentation imprints in Fig. 15, it is very obvious
that the crack length in the welding region is shorter
than in crack lengths in unaffected region. Using Eq.
(8), due to higher E/H ratio and shorter crack length in
the transmission welding region, it can be confirmed
that the fracture toughness of material inside welding
region is increased corresponding to the experimental
results using double torsion test studied by Borrelli et
al. [9]. This could be implied that the fracture strength

Figure 14: Reflective DIC optical microscopy of intentation
fracture on cross section of a welding seam (laser pulse
energy of 30 pJ, scanning speed of 0.02 mm/s, repetition rate
of 1 kHz.)

of material in welding region is higher than the
unaffected region assuming the same size of initial
flaw in material.

Conclusion

The transmission welding on the interface of two
borosilicate glass plates with standard flatness was
performed by using low repetition rate femtosecond
laser. The laser pulse energy that applied is high
enough to cause non-linear absorption and induce
breakdown in the material. The welding morphology
was investigated, and it can be observed that the
welding width is equivalent to the feature width of
laser radiation inside single piece transparent material.
Increasing laser pulse energy, the width of welding line
will be larger; however, it should not be too high to
induce cracks. Numerical model was explored to
investigate size and shape of the absorption volume as
a function of laser pulse energy and numerical aperture
of an objective lens, and it could be used to predict the
welding width. Spatially resolved measurements
revealed the change in mechanical properties inside the
welding region, and there is decrease in Young’s
modulus and hardness from its initial value. However,
the E/H ratio is increased, and it enhances the fracture
toughness of material inside welding region implying
the fracture strength of the weld is higher than that of
unaffected region.
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