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Glass materials have been widely used in optics, MEMS, electronics and biomedical applica-
tions because of their excellent optical, mechanical and chemical properties. Fusion welding by ul-
trashort pulsed laser has been proposed as a promising technique for glass joining, since joining can
be accomplished without an intermediate layer and mechanical contact. However, to apply a fusion
welding technique by ultrashort pulsed laser as a reliable joining method, it is important to under-
stand the mechanical properties of the weld seam since glass materials are very sensitive to tempera-
ture gradients. Therefore, a method of evaluating the weld seam in the fusion welding of glass by
picosecond pulsed laser was discussed, and its mechanical strength was investigated. A larger opti-
cal contact area had a great influence on the shear load of the weld seam, while a smaller optical
contact area could reduce the influence of the contact area on the measurement of shear load. There-
fore, it was important to reduce the optical contact area to accurately evaluate the shearing strength
of weld seam. The mechanical strength of the weld seam reduced at a low pulse repetition rate. High

bending strength and shear stress could be obtained at a proper pulse repetition rate.
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1. Introduction

Glass materials have been widely used in the fields of
optics, MEMS (Micro Electro Mechanical Systems), elec-
tronics and biomedical applications because of their excel-
lent optical, mechanical, chemical properties and high
thermal stability [1]. In general, an adhesive material is
mainly used to join glass materials. The performance of
this technique is greatly affected by the properties of the
adhesive material and the processing environment. The
joint accuracy might be affected by the heterogeneous
shrinkage of the adhesive material, and the performance of
the glass material such as mechanical strength and corro-
sion resistance may deteriorate. Therefore, a joining tech-
nique without an adhesive material or interlayer is required
to overcome these problems [2]. The anodic bonding of
glass to glass using an ultra-thin silicon interlayer has been
proposed [3]. However, it is difficult to perform space se-
lective joining using this technique.

An alternative approach is a direct joining technique,
and a space selective joining method by an ultrashort
pulsed laser based on multi-photon absorption has been
proposed [4-6]. In addition, the fusion welding of glass
with high pulse repetition rate by picosecond and femto-
second pulsed lasers has been reported [7-9], and the dou-
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ble-pulse train irradiation of a femtosecond pulsed laser
could increase the efficiency in micro-welding of glass
[10]. High-efficiency fusion welding is one of promising
techniques for the space selective joining of glass without
an intermediate layer. However, glass materials are brittle
and very sensitive to temperature gradients. Since the glass
material is locally heated up in this method, it is important
to understand the mechanical properties of the weld part so
that this fusion welding technique of glass by an ultrashort
pulsed laser can be used as a reliable joining method. In
addition, when a shearing test was carried out, it was con-
firmed that fracture occurred at the thin glass plate in the
case of a large contact area between glass plates. This
means the contact condition between glass plates makes it
difficult to evaluate mechanical strengths correctly [11].
Therefore, a method of evaluating the weld seam in the
fusion welding of glass material by picosecond pulsed laser
was investigated, and their mechanical strengths such as
the bending and the shearing strength were discussed.

2. Experimental setup for laser irradiation

Picosecond pulsed laser (Time-Bandwidth, DUETTO)
was used as the laser source, and the laser beam of 10ps
pulse duration and 1064nm wavelength was focused by an
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Fig. 1 Schematic illustration of laser irradiation experi-
ment of glass plate.
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Fig. 2 Schematic illustration of three-point bending test.

objective lens of 0.55NA. Fused silica and borosilicate
glass (Schott, D263) of 1.lmm thickness were used as a
specimen, which was mounted on a motorized table as
shown in Figure 1. Since the focusing depth had an influ-
ence on the weld seam [12], the specimen was aligned
carefully to obtain the same focusing depth from the top
surface and the interface between the glass plates. A weld
seam was created by controlling the velocity of motorized
table. After the creation of the weld seam, the specimens
were cut, ground and polished perpendicularly to the irra-
diation line before evaluation by a bending test. The pol-
ished surfaces of all specimens were observed to confirm
the shape of the molten zone. Before a shearing test, the
welded area was measured from the top side, and the shear-
ing test was carried out at various pulse repetition rates R,
and feed rates v.

3. Evaluation of molten zone by three-point bending
test

3.1 Experimental procedure of three-point bending test

A three-point bending test was carried out as shown in
Figure 2. The test speed of crosshead and the fulcrum dis-
tance were 0.5mm/min and 10mm, respectively. A single
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line weld seam was generated in fused silica at conditions:
scanning velocity v=20mm/s, average power W;,=6W, fo-
cusing depth from the top surface of specimen &=-0.17mm.
The laser irradiated specimen was cut into 1.5mm width
and more than 11mm length. In order to divide into small
size pieces correctly, the laser scribing was carried out. Q-
switched YAG laser of 355nm was used for scribing the
bottom surface of specimen to avoid the crack generation at
the molten zone. The top surface of separated specimen
was ground and polished to the center of molten zone. The
specimen was set with the polished surface facing down-
ward. The scribed surface was faced upward so that cracks
remaining on the scribed surface did not affect the meas-
urement results of bending strength, because only compres-
sive stress was applied in this scribed area.

3.2 Three-point bending test results and discussion

Figure 3 shows the results of the three-point bending
test for various pulse repetition rates at scanning velocities
of 20mm/s, S0mm/s and 200mm/s. The light green areas
indicate the range of bending strength measured from the
original glass specimens which were not irradiated. Ten
experiments were carried out for each set of experimental
conditions, and the average and dispersion were evaluated.

In the case of low scanning velocity of 20mm/s as
shown in Figure 3 (a), the bending strength equivalent to
base material could be obtained at pulse repetition rates
between 0.5MHz and 2.0MHz. A molten zone was success-
fully created with only a small reduction of bending
strength of approximately 30MPa compared with that of
the non-irradiated specimens. On the other hand, there is a
little reduction in the bending strength at pulse repetition
rates of less than 0.3MHz and more than 3.0MHz.

At the scanning velocity of 50mm/s as shown in Figure
3 (b), the bending strength of the molten zone equivalent to
that of base material could be obtained at pulse repetition
rate of less than 1.0MHz, similar to the results at scanning
velocity of 20mm/s, while the bending strength decreased
at pulse repetition rate above 2.0MHz. The range of pulse
repetition rates with high bending strength became narrow-
er at the scanning velocity of 50mmy/s.

At the higher scanning velocity of 200mm/s as shown
in Figure 3 (c), the bending strength of molten zone was
lower than that of the base glass material for a wide range
of pulse repetition rates, and the applicable pulse repetition
rate to achieve an equivalent bending strength of approxi-
mately 130MPa was only 2.0MHz. The bending strength at
other pulse repetition rates was below 100MPa.

The pulse repetition rate to achieve bending strength
equivalent to base material became wider with decreasing
the scanning velocity. The pulse energy decreased with
increasing the pulse repetition rate under the same average
power condition. However, the influence of the scanning
velocity on bending strength was greater than that of the
pulse repetition rate. The heat accumulation of laser energy
had more effect on the bending strength. The low scanning
velocity led to the gentle temperature change, while the
high scanning velocity caused the rapid temperature change
[13], which resulted in strong thermal stress. Therefore, the
reduction of thermal stress is important to obtain the mol-
ten zone with higher bending strength, and it is considered
that the setting of suitable processing parameters enables



JLMN-Journal of Laser Micro/Nanoengineering Vol. 8, No. 1, 2013

300
Breaking strength range of non t,=10ps
DG_S 250 irradiated glass (150”180MPa) NA=0.55
S [ v=20mm/s
o Wi,=6W
O 200 Glass: Fused silica
e
=
© 150 | § §
g ¢ o o ®
g 100 E
£i::@ ¢ ¢
'8 50 k
) Test speed: 0.5mm/min
[a2]
0 . . MR | i
01 1 10
Pulse repetition rate Rp MHz
(a) Scanning velocity v=20mm/s
300
© [ Breaking strength range of non t,=10ps
o 550 [ irradiated glass (1507180MPa) NA=0.55
> C v=50mm/s
bﬂ [ Wi,=6W
200 F Glass: Fused silica
= i
c) L
S 150 F
o - ® E § ;
» F i ®
g, 100 |
= o Y
2 =0 o -
c‘g Test speed: 0.5mm/min
0.1 1 10
Pulse repetition rate Rp MHz
(b) Scanning velocity v=50mm/s
300
© [ Breaking strength range of non t,=10ps
o 50 L irradiated glass (1507180MPa) NA=0.55
= : v=200mm/s
& [ Win=6W
o 200 F Glass: Fused silica
o I
S 150 F §
‘.5_—' L
(2] [
) 100 3 ¢ ;
2 508 ® ¢ o
(o) F @
[a2] Test speed: 0.5mm/min
QL . . MR | . . . i
0.1 1 10

Pulse repetition rate Rp MHz

(¢) Scanning velocity v=200mm/s

Fig. 3 Bending strength of molten zone by three-point
bending test.

the highly reliable fusion welding of glass without a fatal
reduction of mechanical strength.

4. Evaluation by shearing test

4.1 Experimental procedure of shearing test

If the interface between the glass plates retains a good
contact condition over a large area, its contact condition
had a great influence on the measurement results of the
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Fig.5 Shear load and stress to break optical contact for
various contact areas.

shearing test [11]. In order to discuss the optical contact
force, various optical contact areas between two borosili-
cate glass plates D263 of 1.1mm thickness were prepared
by changing the contact length L with a constant width of
20mm as shown in Figure 4 (a). The optical contact is
marked by a lack of light reflection from the interface be-
tween the glass plates. The smaller contact length LZ=1mm
was produced by HF etching of masked glass specimen.
Two glass plates were placed together immediately after
cleaning with an ethanol as specimens for the shearing test.
A shearing test of these specimens were performed by us-
ing a clamping device with a linear guide in order to pre-
vent them from twisting during the pulling process as
shown in Figure 4 (b). The friction force of the linear guide
was subtracted from the maximum load, and the shear
stress was calculated from the measured area of the weld
seam. Ten experiments were carried out for each set of ex-
perimental conditions, and the average and dispersion were
evaluated.

4.2 Influence of optical contact area

The shear load to break the optical contact area was
evaluated by the specimen of two glass plates fixed by the
optical contact condition without the weld seam [14]. The
shear load to break the optical contact area was obtained as
shown in Figure 5. The shear load increased with in-
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Fig.6 Influence of optical contact area on shear load.

creasing contact area, while the shear stress increased with
decreasing contact area. A large contact area led to a lack of
uniformity of the contact condition. On the other hand, a
small contact area could improve the uniformity of the con-
tact condition, and thus it is considered that a higher shear
stress was obtained in the case of a small contact area. The
combination of a large contact area and a small weld seam
should be noticed, since a high shear load might be meas-
ured due to the optical contact force. Moreover, the disper-
sion of the shear load decreased with decreasing contact
area, and a smaller contact area led to the more stable
measurement of the shear load.

The laser irradiation experiments were carried out at the
interface between the two glass plates D263, and one weld
seam of 15mm length was obtained in 20mm contact width
specimen for various contact areas. The weld seam was
located at the center of the contact length L. Since the loca-
tion of the weld seam in the optical contact area might af-
fect the measurement results, its location was carefully
controlled. The focusing depth was controlled as the center
of molten zone located at the interface between the two
glass plates. A lower average power was applied to borosil-
icate glass D263 compared with the fused silica, since the
molten area of D263 is approximately four times larger
than that of fused silica due to its lower melting tempera-
ture and thermal diffusivity [15].

Figure 6 shows the shear loads with and without the
weld seam for various contact areas under the same laser
irradiation condition. A weld seam without a fatal defect
was obtained under this irradiation condition as shown in
the figure. The shear load of the glass plate fixed by the
optical contact force without the weld seam increased with
increasing contact area, and these values were smaller than
those with a weld seam at contact area from 20 to 100mm”.
However, at a large contact area 400mm’, the shear load
with the weld seam was conversely smaller than that with
only an optical contact force. The larger contact area great-
ly affected the shear load of the weld seam. It is considered
that the generation of the weld seam changed the contact
condition between the glass plates, and the loose contact
might decrease the shear load. On the other hand, at the
smaller contact area, the shear load with the weld seam
became larger than that without the weld seam, and it is
considered that the value subtracted the optical contact
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Fig.7 Influence of pulse repetition rate on shear stress.

force from the total shear load was appropriate evaluation
as the shear load of the weld seam [14]. However, the dif-
ference in shear load with and without the weld seam
slightly decreased with decreasing contact area, and ap-
peared to approach a constant value with decreasing the
contact area. Although further experiments are needed to
quantify this analysis, it is considered that a smaller contact
area is important for achieving the more reliable evaluation
of shear load in the micro-welding of glass plates.

4.3 Shearing test results and discussion

As mentioned above, in the case of a large optical con-
tact area, the shear load to break the optical contact was
larger than that for the weld seam, and the measurement
value of shear load was related to the optical contact condi-
tions such as loose or tightened contact by the creation of
the weld seam. On the other hand, in the case of a smaller
contact area, the shear load to break the optical contact
became smaller, and the reduction of optical contact area
was essential to reduce the influence of optical contact
force on the measurement of shear load for the reliable
evaluation of the weld seam strength.

The shear stress of a weld seam was measured by using
smaller contact areas 20mm’. The maximum shear load
was divided by the area of the weld seam, and its value was
plotted as the shear stress in Figure 7. It was clarified that
the pulse repetition rate had a great influence on the shear
stress, which decreased at the lower pulse repetition rate
below 0.5MHz. On the other hand, a higher shear stress
could be obtained at a pulse repetition rate more than
1.0MHz. The reduction of the optical contact area led to the
reliable evaluation of shear stress, and a stronger weld
seam could be achieved under the higher pulse repetition
rate condition.

Figure 8 shows SEM (Scanning Electron Microscope)
photographs of fracture faces after the shearing test. At a
low pulse repetition rate with the low shear load, molten
zone was peeled off largely. On the other hand, at a higher
pulse repetition rate with a high shear stress, molten zone
was peeled off with non-molten zone, which indicated that
strong joining could be achieved. As shown in Figure 3, a
higher bending strength could be achieved at a high pulse
repetition rate more than 1.0MHz at all scanning velocities,
and the pulse repetition rate was strongly related to the
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change of temperature. The pulse energy was varied by
changing the pulse repetition rate under the same average
power condition. The change of temperature became great-
er at a lower pulse repetition rate with higher pulse energy.
Its thermal load led to large variations of internal stress,
which had an influence on the mechanical properties of the
weld seam and its surrounding area. On the other hand, a
high pulse repetition rate with lower pulse energy led to
smaller variations of internal stress compared with the low
pulse repetition rate. Therefore, the pulse repetition rate has
an influence on the mechanical strength of weld seam, and
the higher mechanical strength could be achieved under the
proper pulse repetition rate with a constant average input
power condition.

5. Conclusions

In this study, a method evaluating the mechanical
strength of the weld seam in fusion welding of glass mate-
rial by a picosecond pulsed laser was investigated, and the
bending strength and shearing stress were discussed. The
main conclusions obtained in this study are as follows:
(1) A higher bending strength could be achieved at the
wider range of pulse repetition rates in the case of a
low scanning velocity.
The optical contact condition of the interface between
glass plates had a great influence on the shear load,
and the reduction of the optical contact area was im-
portant for reliable evaluation of the shear stress of a
weld seam in fusion welding of glass.
The mechanical strength was lower at the low pulse
repetition rate, and a high bending strength and shear
stress could be achieved under the proper pulse repeti-
tion rate condition.
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