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Abstract

Abstract

A laser micro joining process for the radial geometry of a fused silica fiber
connector is developed. The special characteristics of fused silica are
described and their importance for the process is evaluated. The heat
flow in the glass is simulated mathematically and the results of welding
experiments are discussed. The peculiarities of the radial geometry of the
joint enforces a process, using the fiber as filler material to fill a gap in the
seam.

Ein LasermikroschweiBBprozess fur die radiale Geometrie eines Quarzglas
Fasersteckers wird entwickelt. Die speziellen Charakteristika von
Quarzglas werden beschrieben und ihre Wichtigkeit fir den Prozess
bewertet. Der Warmefluss im Glas wird mathematisch simuliert und
Ergebnisse der Schweiexperimente diskutiert. Die Besonderheiten der
radialen Geometrie der Verbindung erzwingen einen Prozess, bei dem die
Faser als Fullstoff flr einen Spalt in der Naht verwendet wird.
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Introduction

1 Introduction

1.1 Motivation

The next generation of fiber laser technology is being developed at the
Fraunhofer Institute in Plymouth. A prototype of a high power fiber laser
system of remarkable performance was built here [11][20]. The next step
is to establish manufacturing processes for reproduction.

One of the advantages of the developed laser system is its modular
design. It allows parts to be replaced easily for repair and upgrade. To
assure a secure but easy to handle connection of the different fibers, a
special plug was designed (Figure 1). For its production, two fused silica
parts must be joined with a laser in a radial geometry. A disc shall be put
on an end cap fiber and welded to it. It allows the both to be enclosed in
a plug later on by laser brazing. The connection should be smooth on the
whole circumference and must be strong enough to hold the fiber in
place. The optical properties of the fiber must not be impaired during the
process.

k Steal Casing

Figure 1 Design of the fiber plug

To develop a laser welding process, the unique properties of fused silica
must be understood. Its peculiarities have to be taken account of and
finally the geometry of the parts must be considered.
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1.2 Disposition of the thesis

As a first important step, the properties of fused silica must be
understood. Therefore, chapter 2 is devoted to the special characteristics
of fused silica glass. After a first overview of the physical properties of
fused silica in chapter 2.1, the structure of silica and its polymorphs as
well as the synthesis of fused silica glass is described in chapter 2.2.
Chapter 2.3 and 2.4 then take a closer look at viscosity and surface
tension, which are important characteristics of glasses. Chapter 2.5
evaluates the properties of fused silica for laser welding processes.

Regarding the properties of fused silica mentioned in chapter 2, the
actual joining process is developed in chapter 3. After describing the
process conditions like equipment, material and geometry of the seam in
chapters 3.1 to 3.3, the process is simulated mathematically to
approximate the behavior of the glass in chapter 3.5.

The actual welding experiments are described in chapter 4. Several
problems occurred during the experiments as mentioned in chapter 4.1,
which lead to a changed experimental setup described in chapter 4.2.

The results of the experiments with the new setup are described in
chapter 5.

Finally, a résumé of the achieved cognitions is given in chapter 6.

Fundamental study in microjoining of fused silica utilizing laser radiation 9
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2 Fused silica

2.1 Properties

Laser welding of regular glasses has already been done at Fraunhofer
USA [9]. Fused silica, however, has significant properties that distinguish it
from traditional glass. The primary distinguishing characteristic is its
purity. Pure fused silica consists exclusively of silicon dioxide (SiO,). Only
small levels (10-1000 ppm) [38] of impurities such as hydroxyl (OH)
groups are introduced during the primary glass fabrication step. Thus, the
level of purity is equivalent to that of semiconductor materials. In
connection with its amorphous structure, a number of spectacular
characteristics are accomplished.

2.1.1 Mechanical properties

The tensile strength of fused silica can reach up to 50 N/mm?2 [16]. In
practice, however, it strongly depends on the number and concentration
of surface defects, which, in combination with atmospheric influences,
such as moisture, reduce the tensile strength. Furthermore, the geometry
of a fused silica piece plays a role. Even the type of surface treatment and
the age of fused silica influence its properties (see also chapter 2.2.2.3).

The chemical resistance of fused silica is outstanding. It is attacked by a
few compounds only, one being hydrofluoric acid.

Fused silica has a density of: p= 2201k—g3 :
m

2.1.2 Optical properties

The optical properties of fused silica are distinguishing it from regular
glasses. The transmissive wavelength range depends on the respective
material but lies between 160- and 3500nm. Here, the absorption
coefficient is so small as to be practically immeasurable.[15]

Fundamental study in microjoining of fused silica utilizing laser radiation 10
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The absorption at the UV edge is reduced to the lifting of electrons to the
conduction band. Fused silica has a band gab of about 8.5eV [5] which
corresponds to a wavelength of about 145nm.

The radiation energy in the long-wave range is converted to lattice
vibrations. The quantized vibrations are «called phonons. Various
harmonics of the vibration statuses of the SiO, tetrahedra can be detected
from approx. 3500nm, before total absorption starts at approx. 4000nm.

While its excellent transmission makes fused silica the preferred material
for optical fiber manufacturing, a high absorption is needed for welding.
With total absorption above 4pm, the beam of a CO.-laser at about
10.6um is absorbed completely on the surface.

MCLACHLAN and MEYER [23] measured the extinction coefficient &, of

fused silica at 10.6pum wavelength as 0.025. The extinction coefficient is
related to the absorption coefficient as:

a:4_ﬂ-'kex
A

Equation 1 Calculation of absorption coefficient from extinction coefficient

The absorption coefficient of fused silica at 10.6um wavelength is then
a=296-10"m™".

The absorption coefficient does not change significantly with
temperature, as shown in [14][26][27][28] for smaller wavelengths.

2.1.3 Thermal properties

2.1.3.1 Working Point and temperature of vaporization

As described later, glasses have no sharp melting point like other
materials. Due to their vitreous structure, bonds are breaking one after
another, leading to a slow decrease of viscosity. Fused silica softens at
about 1600°C and can be readily formed above about 2000°C (see
chapter 2.3).

The boiling point of SiO, is 2230°C. Nevertheless, vitreous silica begins to
pyrolyze  above about 1350°C already, by the reaction:

28i0, =28i0+0, according to BANsAL [1], who speaks of

Fundamental study in microjoining of fused silica utilizing laser radiation 1
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“vaporization” at these low temperatures already (see also chapter 2.2
for composition of fused silica).

The SiO is oxidized again forming SiO, granules on the colder glass and
can be observed as a band of haze just outside the intensely heated
region.

When working with fused silica, pyrolyzation cannot be avoided since
temperatures above 2000°C are needed. Accumulation in the area of the
beam impact leads to higher temperatures on the surface. When thermal
conduction is too slow, even the boiling point may be reached, resulting
in massive vaporization in this area. The experiments showed that this is
unproblematic as long as the intensity on the surface is limited, allowing a
smooth spreading of heat.

2.1.3.2 Thermal expansion coefficient and thermal shock resistance

One of the most outstanding properties of fused silica is its low thermal
expansion coefficient of approx. 0.55-10°K" between 20°C and 1000°C.
This means that thermal expansion is about 20 times lower than that of
normal window glass and 30 times lower than that of stainless steel. In
turn, the low thermal expansion coefficient leads to an enormous thermal
shock resistance. Consequently, even products at 1500°C withstand
exposure to cold water without any damage [12]. In addition to the
thermal expansion coefficient, however, surface condition and geometry
influence thermal shock resistance.

2.1.3.3 Heat capacity

The specific heat capacity of a solid or liquid is defined as the heat
required to raise a mass of substance by one degree of temperature.

According to HARPER [15], the solid-state heat capacity of most silicate
glasses is about

c, =1.255L.

kg - K

The change in heat capacity is rather low, compared to other materials
[12][34]. For later calculations, the value given by HARPER will be used.

2.1.3.4 Thermal conductivity

Heat conduction in metals is based on free electrons. In dielectric media
like fused silica, only conduction thru vibrations (phonons) is possible.
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According to CHONG [6], the thermal conductivity for fused silica satisfies
the following relationship:

T+379 T+379

Aps(T)=0.78-0.054-¢ 3 +0.165-¢ **

Equation 2 Temperature dependence of thermal conductivity with T in K.

The propagation of thermal conductivity with temperature is shown in
Figure 2.

20

Heat Conductivity [Wim K]

| | | |
n 00 1000 1500 2000

Temperature [C]

Figure 2 Thermal conductivity in fused silica for temperatures between 0°C and
2000°C

For some calculations, the integral mean of the thermal conductivity in a
specific temperature range may be used [22]:

_ T
Aps = T,-T J-ﬁ“FS (T)dT

7

Equation 3 Mean thermal conductivity for a specific temperature range
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2.2 Composition and manufacturing

2.2.1 Types of silica

Fused silica or “quartz glass” is a silicate. Its basic structural unit is the
silicon-oxygen tetrahedron. Every Si is surrounded by four O, building a
tetrahedron. Every O connects two Si (SiO,). SiO, is a polymorphous
material, meaning it can build different structures with the same formula.
The most common structure is quartz, which is divided in a- and B-quartz
by its crystal structure. a-quartz builds a trigonal crystal system, while -
quartz has a hexagonal crystal system. The transformation between both
is reversible and happens at rather low temperatures. Figure 3 shows a
three dimensional view of the atomic structure of a-quartz.

Figure 3: Perspective view of the crystal structure of a-quartz (DIAMOND drawing
[4]) based on parameters taken from the ICSD data base [18]. [+ =Si, o
=0/

a-Quartz is the stable form of SiO, at temperatures below 870°C. High
temperature polymorphic forms are Tridymite and Cristobalite the
formation of which requires breaking up and forming new bonds. Owing
to the high activation energy for such processes, these modifications can
be obtained as metastable forms at ambient conditions. The same holds
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for silica in its glassy form, interesting here. As shown in Table 1, Quartz,
Tridymite, and Cristobalite all occur in an a- and a B-form that differ in
slight rotations of the [SiO,] tetrahedron relative to one another only and
can transform easily, therefore. When these three polymorphs form at the
appropriate temperature, they first show the B-modification (see Figure
4). When they cool below a particular temperature (specific for each
form), they transform into the a—form, stable at normal temperature. [15]

Other silica polymorphs occur under extreme conditions only and are of
no interest to this paper. Coesite and Stishovite form under very high
pressure only. Lechatelierite is a very rare, amorphous form of silica,
which is considered a glass. Keatite is synthetic silica that does not appear
in nature. [10]

Table 1 lists all forms of silica with the corresponding crystal system and

class.
Polymorph Crystal System Crystal Class
a-Quartz trigonal 32
various complex
o-Tridymite orthorhombic or %1%”%107%1
monoclinic variants
a-Cristobalite tetragonal 422
B-Quartz hexagonal 622
B-Tridymite hexagonal %1%1%1
B-Cristobalite cubic %13%1
Coesite monoclinic %1
Stishovite tetragonal %1%1%1
Lechatelierite amorphous ---
Keatite tetragonal 422
Table 1 Different polymorphs of silica [10]

Figure 4 shows a p-T phase diagram for the most common silica forms.
As mentioned above, the different types can convert into each other. The
thermodynamically preferred structure for given conditions is called
stable. There are transformation points marked in Figure 4, showing the
temperature at which one structure usually changes to another.
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Si0, p-T Phase Diagram [37]

2.2.2 Synthesis of fused silica glass

Fused silica is made of melted quartz by cooling it down fast from
temperatures above about 1705°C. This is the melting temperature of B-
cristobalite. Above this temperature, no crystallization occurs under
normal conditions (atmospheric pressure) but the melt still has a high
viscosity (see chapter 2.3). When cooling down fast, the covalently
bonded SiO, cannot rearrange into the thermodynamically stable crystal
structure. The [SiO,] tetrahedra connect in a random network with no
long-range order. This is called a vitreous state. Although, it is not the
thermodynamically preferred structure, fused silica glass shows high
kinetical stability.

2.2.2.1 Glass transition

There is no sharp distinction between the liquid and the glass state like
there is between the liquid and the solid state. The latter transforms by a
first order phase transition meaning a discontinuous change in the
properties of the material such as density. Because the second-derivative
thermodynamic properties such as heat capacity, thermal expansion
coefficient, and isothermal compressibility display steep changes in fused
silica at a specific transition range, it is sometimes referred to as a second
order transition [13]. In fact, it is generally agreed that it is not a second-
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order thermodynamic transition. According to HARPER [15], it is best
referred to as a “freezing-in" transition.

The temperature range at which the glass transition takes place in fused
silica is at around 1200°C [13]. It depends on the cooling rate. Slow
cooling allows the material to relax and the transition occurs at a lower
temperature. The glass is then denser. If cooled too slowly, however, the
material can crystallize. This so-called devitrification is described in
chapter 2.2.2.3.

2.2.2.2 Vitreous state

The disordered glassy state does not have enough kinetic energy to
overcome the potential energy barriers required for rearrangement of the
[SIO,] units, preventing a long-range order. No equal bond strengths exist
and therefore, when heated up again, the bonds break up one after
another, leading to the typical behavior of glass.

In Figure 5, the vitreous state of quartz (fused silica) is compared to the
crystalline state (a-quartz). For simplification, the schematic structures are
shown in 2D, where one O of each SiO, tetrahedron is not shown.

NN

AN
\VARVARV

Figure 5 2D-view of crystalline SiO, (a-quartz) (left) and fused silica glass (right). In
vitreous state, the [SiO,] tetrahedral are disordered, lacking a long-range
order. [¢ =0, e = 5Sj][15]

2.2.2.3 Cooling rate and devitrification

Generally, any substance (even metal) may be brought to glassy state
provided that its melt is cooled at a rate fast enough to prevent
rearrangement in a crystal structure. The minimum cooling rate needed

Fundamental study in microjoining of fused silica utilizing laser radiation 17
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for this is called critical cooling rate. When cooling too slowly,
crystallization may occur. Since the glass is changing from its vitreous
state to a crystalline state, this process is called devitrification.

Devitrification must be avoided at any cost, since it can damage the
material severely. It usually starts on the surface, from where it penetrates
further into the material. The penetration speed is an exponential
function of temperature. In the devitrification process, a crystalline
material forms whose structure corresponds to PB-cristobalite. As the
density is virtually identical, the B-cristobalite layer on the fused silica
cannot be discerned visually. At 270°C, however, the crystal structure
turns from B-cristobalite into a-cristobalite, which is accompanied by a
strong reduction in density. The material may then crack or break, visible
on the surface by white spots. The tetragonal a-cristobalite structure
exhibits a refractive index, which greatly differs from that of fused silica.

[1]

To avoid devitrification, nucleation must be limited. Any contamination of
the material must be avoided. A high vapor pressure or chloride addition
likewise accelerates the process. Consequently, the rate of devitrification
of fused silica increases with increasing hydroxyl (OH)- content,
decreasing viscosity and increasing temperature. Handling of fused silica
with bare hands deposits sufficient alkali from perspiration to leave clearly
defined fingerprints upon devitrification [12]. For more information about
devitrification in optical fibers, also see the work of ROSE [32].

Devitrification is a two-step process of nucleation and growth. Since
fused silica is a high purity material, nucleation is generally initiated by
surface contamination. Particularly the alkali metals sodium or potassium
act as electron donators and destroy the cross-linked silicon-oxygen
structure, triggering devitrification. The necessity of breaking and
reforming Si—O bonds explains the low growth rate of only 2.18-107 at
1754°C (less at lower temperatures) given by BANSAL [1]. Nucleation and
crystallization rates are exponential functions of temperature. [32][33][35]

As shown by HARPER [15], a curve can be constructed by computing the
time needed to develop an experimentally discernible amount of crystals
(typically Tppm) in a melted mass in which the nucleation- and crystal
growth rates are known.

Figure 6 shows such a typical time-temperature transformation (T-T-T)
diagram for glass formation.
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Figure 6 A typical time-temperature-transformation (T-T-T) diagram for glass
formation after UHLMANN [36]

When T, is the temperature of the melt, the critical cooling rate is the
line drawn sloping downward from 7, that is tangent to the nose. The

temperature where the line intersects the nose is called 7,. As long as

cooling is fast enough, the line stays to the left of the nose and
perceptible crystallization may not develop.

The critical cooling rate is calculated as (7, —7,)/t,, where ¢, is the

nt

time corresponding to 7,. Its unit is then K/s. Table 2 gives some
examples of critical cooling rates.
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Homogenous Hetrogenous nucleation contact angle
nucleation [K/s]

Material [K/s] 100 60 40
SiO, glass 9-10° 10° 8:10° 2:10"
GeO, glass 3-10° 3-10° 1 20
Na,0-25i0, 6-10° 8107 10 310°
glass
Salol 10
Water 10’

Ag 10"
Typical metal 9-10° 9-10’ 10" 5-10"°
Table 2 Examples of critical cooling rates for glass formation after ONORATO, P.1.K.

AND UHLMANN, D.R. [30]

Allowing cooling rates of as low as 9-10°° K/s, SiO, can be brought to

glassy state easily. This results from its high purity and the low growth
rate. As shown in chapter 3.5.5, when calculating the temperature in
fused silica, a small mass of fused silica cools down fast enough on its
own to avoid devitrification. No further cooling is required.

2.2.3 Weathering

Besides losses through devitrification, RoOSe [32] also observed OH
absorption in optical fibers. OH enters the fiber through a reaction with
water from the air and oxygen in the glass. Increased absorption due to
OH was measurable after annealing for 17 hours. It should therefore not
be a problem for the short process times used. When stored on air
unprotected, however, this process can slowly destroy the fiber even at
room temperature. As a general rule, only small pieces of fiber should be
stripped to avoid unnecessary exposure to the environment.

2.2.4 Regular glasses

In regular glasses (window glass), the addition of alkaline bases like Na,O
or Ca0 leads to an increased breaking up of the structure. Some of the
additional oxygen cannot connect to another [SiO,] tetrahedron.
Integrating Na™-ions into the cavities compensates the resulting charge.
This leads to a lower viscosity and thus a significantly lower softening
point. The amounts of additives allow the physical properties of the glass
to be adjusted in a wide range. The 2D-structure of regular (window-)
glass is shown schematically in Figure 7.
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Figure 7: 2D-structural scheme of regular window glass. [* = O, ® = Si, Q- Naj
[15]
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2.3 Viscosity

2.3.1 Definition of viscosity measurands according to DIN ISO 7884

The dynamical viscosity coefficient 77 is defined in the DIN ISO 7884 [8] as

the force £, needed to displace two parallel areas A distant to each other
by Ax, with the relative speed Av .

_F-Ax
A-Av

n

o N-s . . L
Its Sl unit is Pa-s or ——. However, the unit Poise (P) is still used,
m

where 1 Pa-s equals 10 P.

2.3.2 Viscosity of glasses

Viscosity is the most important physical property of glass for industrial
reproduction. The characteristic temperatures of glass are defined thru
viscosity and it is of great importance to this experiment to describe the
behavior of the melted glass.

The viscosity of glass spans from about 10°P (melt) to 10”P (room
temperature). 10°P is about the viscosity of hot molasses [15] while water
at room temperature has a viscosity of only 10”P. The high viscosity fused
silica glass has even at high temperature is due primarily to the high
tetrahedral connectivity of the network.

Practically, three viscosity regions are differed.

e Melted Range: up to 10°P
e Working Range: 10” to 10°P
e Freezing Range: 10" to 10™P

Four temperatures are usually given to define the viscosity-temperature
behavior of a material:
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e Working Point 9,
Viscosity: 10"P
At the working point, the glass can be readily formed or sealed.
This is the temperature needed for welding.

e Softening Point 9,
Viscosity: 10”°P
At this viscosity, a rod about 24cm long and 0.7mm in diameter
elongates Tmm/min under its own weight.

e Annealing Temperature 9,,
Viscosity: 10"*P
At the annealing temperature, a rapidly cooled glass becomes

reasonably strain-free in about 15 minutes.

e Strain Point 9,
Viscosity: 10™'P
At this temperature, stresses that form in the glass object are
relieved in a matter of hours.

The working point should be reached for the welding experiments. It is
defined thru its viscosity. In the next chapter, the viscosity of fused silica is
described.
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2.3.3 Viscosity of fused silica

Like all glasses, fused silica exhibits an inversely proportional, exponential
temperature dependence of viscosity [16]. Up to its strain temperature at
1000°C, the material can be regarded as a true solid. From that
temperature on, fused silica starts to flow slowly. At its softening at
approximately 1600°C, fused silica is still highly viscous. For welding,
viscosities in the working- or even melted range might be necessary,
demanding temperatures of far above 2000°C. Figure 8 shows the
viscosity of fused silica with temperature as provided by GE [12]. It differs
slightly from the values given by HARPER [15] (Annealing point (10"P):
1130°C; softening point (10"*P): 1550°C) and BANSAL [1] (annealing
point (10”P): 1190°C; softening point (10”°P): 1670°C).

Viscosity

16 I
E 14 Annealing Temperature
2
S o \\
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Figure 8 Representative viscosity of fused quartz [12]

The reason for the differences between the viscosity points of the
different sources is most likely the amount of impurities in the measured
glasses. Impurities have a great influence on viscosity. The hydroxyl
content as well as traces of alkali and halogen, such as sodium and
chloride, reduce the viscosity, whereas small concentrations of aluminum
or high melting metals, such as molybdenum, have the reverse effect
[16].
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2.4 Surface tension

Surface tension will proof to be an important aspect during this work. It
shall therefore be explained here.

The cohesive forces between molecules down into a liquid are shared
with all neighboring atoms. Those on the surface have no neighboring
atoms above and exhibit stronger attractive forces upon their nearest
neighbors on the surface. This enhancement of the intermolecular
attractive forces at the surface is called surface tension. It is shown in

Figure 8.
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Figure 9 Enhancement of the intermolecular attractive forces at the surface

leading to surface tension. [17]

The surface tension is the reason why drops of water usually have a
spherical shape. This is described in the YOUNG-LAPLACE equation for non-
spherical surfaces:

Equation 4 YOUNG-LAPLACE equation for non-spherical surfaces
where p. is the internal pressure caused by the surface tension o, and

r, and r, are the main radii of curvature. The internal pressure rises with
decreasing radii of curvature. Therefore, a liquid always strives for
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maximum radii and in the end a spherical shape. Then 7, and r, are
equal, leading to the spherical YOUNG-LAPLACE-equation:

b - 20, .
r
EFquation 5 YOUNG-LAPLACE equation for spherical surfaces

Surface tension changes with temperature. In general, surface tension
decreases with raising temperature and is O when the liquid reaches its
boiling point. For pure silica melts at 1200°C, HARPER [15] lists a surface
tension of 280mN/m. It decreases by 4 to 10 mN/m per 100K increase in
temperature. Extrapolating this, fused silica at 2000°C would still have a
rather high surface tension. OLSEN and OSTERAAS [29] report that the
surface tension of all types of glass melts is nearly the same as that of
water [25]. Water at room temperature has a surface tension of
72.75mN/m.

With its relatively high surface tension, liquid glass will strongly strive for a
minimization of surface area and radii of curvature. In a welding
experiment, this can lead to a withdrawing of the material if no
connection is established. However, once a connection is established,
surface tension has the opposite effect, leading to attraction between the
parts, now trying to minimize the common surface area (see chapter
4.1.4).
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2.5 Relevance of the physical properties of fused silica for laser welding
processes

As mentioned in chapter 2.1.2, total absorption occurs above
approximately 4000 nm. A CO,-laserbeam at about 10600nm is therefore
absorbed at the surface completely.

The thermal data of fused silica seem to be perfect conditions for a
welding process. The very low coefficient of thermal expansion, which
leads to the mentioned thermal shock resistance prevents tension or
cracks in the material. Devitrification should not be a problem for the
experiments, as well. As shown later in the calculations (chapter 3.5), the
cooling rate is high enough to avoid devitrification. Nevertheless,
contamination of the material must be avoided. It will later show, that a
number of problems occur during the process. When looking at the
thermal properties of fused silica, some of them can already be predicted.

The thermal conductivity of fused silica rises steeply with temperature. At
low temperatures it is rather low compared to that of steel. When trying
to use a regular laser welding process with plasma capillary, this causes a
much steeper temperature gradient of the plasma capillary due to the
lack of heat conduction and leads to massive vaporization because of the
low boiling point. In the end, the glass is cut more then melted. As a
result, a plasma capillary cannot be used in glass. The energy of the laser
can therefore only affect the glass surface and must spread thru thermal
conduction. Additionally, the radial geometry of the seam demands the
heat to flow to the actual seam, as shown in chapter 3.3.

With pyrolyzation occurring at rather low temperatures, it cannot be
avoided but must be reduced by limiting intensity on the glass. The
energy should be spread evenly over the whole seam to allow a slow
heating up of the whole setup. The temperature should then be held at a
value enabling the glass to flow but below the boiling point of 2230°C.
The ability of the laser to deliver very precise amounts of energy makes it
the optimal tool for this task. By using a fast scanning process with low
intensity, the energy can be spread evenly.

Surface tension in connection with the geometry of the seam proofed to
be a big problem for the process. The radial seam and the unavoidable
gap between fiber and disc (see chapter 3.3) are problematic. Since liquid
glass has a surface tension similar to that of water, it strives to minimize
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radii and surface area just like water does. Its preferred shape is spherical,
leading to a withdrawing of liquid material.

The following chapters describe the approach to the development of the
process. The problems mentioned above were discovered during the
simulation and experimenting and are described in chapter 4.1.

28
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3 Development of joining process

3.1 Equipment

3.1.1 Laser
A Rofin Sinar SCx10 pulsed 100W CO, laser is used. It has a fixed pulse
power of 200W. Only varying pulse period ( PP) and pulse width (PW')
controls the average power. Since it allows duty cycles (DC = PW/PP)
of up to 50%, its average power reaches 100W.
Table 3 lists the most important properties of the used laser.
Property Symbol  Value
Max. Average Output Power P,, 100 W
Pulse Power P, 200W
Power Stability AP,, + 7%
Beam Propagation Factor K >0.8
Beam Divergence 0, <2.5 mrad (full angle)
Beam Diameter (1/%) d, 7.5+ 0.5 mm
Wavelength A 10.4-11.2 ym
Table 3 Properties of the laser beam given in the operating manual [31].

The average output power of the laser is not linear with set duty cycles. It
was measured and a third order polynomial fit is used to calculate it:
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P,,(DC)=-0.0001-DC’ +0.0039- DC* +0.3897 - DC —2.9376

Equation 6 Polynomial fit to calculate average laser power from duty cycle

The laser-scanner distance (LS ) is 1150mm. With the given divergence
(@), the raw beam diameter at the scanner (d,) can be calculated as
follows:

d,=d, +0-LS d, =11.4mm

The scanner lens has a focal length ( ) of 100mm. This allows some
beam parameters to be calculated: [2][3]

e \Wavenumber
27

k=— k =593mm™
A
e Divergence of focused beam (full angle)
9F=d’ 6.=0.114
S
Equation 7 Divergence of a focused beam

e Focus Diameter (1/€7)

0 :2%% d. =148 um
Equation 8 Beam diameter in focus
e Rayleigh Length
(%)
Zp = /12 zp =1.3mm
Equation 9 Rayleigh Length

The laser has a beam propagation factor K of 0.8. The beam propagation
factor defines the similarity of the beam profile to a Gaussian profile. For
example, the lower beam propagation factor leads to a bigger focus

30
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diameter compared to the idealized Gaussian beam. This must be
considered when calculation the beam properties. Figure 10 shows a
schematic view of an idealized Gaussian profile.

Figure 10 Schematic view of an electrical field strength profile with gauss shape.

Here, the transverse profile of the electric field strength of the beam can
be described with a Gaussian function:

Equation 10 Gaussian function of the transverse electric field strength profile. [3]

where E, is the amplitude of the electrical field strength, z, is the
Rayleigh length and & is the wavenumber as described above.

Using the beam properties calculated above, the distribution of electric
field strength can be calculated for every z-position and radius. In Figure
11, the progression of the electric field strength relative to its maximum
amplitude in focus (z=0) is shown. 4mm from the focus, the radial
distribution is already much shallower than in focus. Concordantly, the
beam diameter is bigger.
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Figure 11 Progression of relative electric field strength of the laser beam.
The beam diameter d(z) (twice the distance from the beam axis where

the intensity drops to 1/e* (about 13.5%) of the maximum value) can be
calculated as follows:

Equation 11 Beam diameter for z-position

The beam radius (d(z)/2) is shown in Figure 12. The radius increases

linear in far field approximation (Fraunhofer region: z >>z,) and takes
on a hyperbolic shape near the focus. The beam has a Rayleigh length of
1.3mm and a closer look at the focus region shows that this is about the
distance from which on the radius increases linear.
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Figure 12 Calculated beam radius at positions relative to the focus from -5mm to
+5mm.

Intensity on the glass must be limited as mentioned in chapter 2.1.3.1. It
is defined as the power in a certain area. For this setup, the intensity is
the Pulse Power in the spot area on the surface.

= b
T owe(dg)2)

Equation 12 Intensity on the surface

With a fixed pulse power a larger beam spot is needed to decrease
intensity. However, a small focus is evident for the process to minimize
circle diameter without damaging the fiber. To allow smaller focuses with
low intensity, a partly reflector is used, reducing laser power by 80%.
Thru this, the pulse power (P,) is limited to 64W (calculated from
measurement of average power) and lower focus positions are possible.
The beam must still be defocused by at least z, =+4mm, leading to a

beam diameter on the surface of d; =480um .

The pulse period should be minimized to achieve good pulse overlap and
to avoid cooling down of the glass between the pulses (see chapter
3.5.3). With short pulse periods, the setting of pulse width, and therefore
average power becomes inaccurate. A pulse period of 200us proofed to
be a good compromise. Further settings are described later.
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3.1.2 Scanner system

A scanning optic allows fast traverse speeds. Thru this, energy is spread
evenly over the whole seam. Increasing number of scans raises the total
energy induced. The necessity of high traverse speeds makes the use of a
rotary axis impossible. With high rotation speed, the melted glass would
flow in radial direction due to the centrifugal force.

In general, the scanning speed (v,) should be maximized to allow the

energy to spread evenly over the whole scanned circle. Meanwhile, with
limited pulse period, a sufficient pulse overlap should be provided. For
example, a scanning speed of v, =455mm/s in combination with a

pulse period of 200ps leads to a pulse overlap of 44% beam diameter.
Figure 13 illustrates this definition of pulse overlap.

Figure 13 llustration of pulse overlap. Here, the overlap x, of two pulses is about
50% of the beam diameter on the surface d .

3.1.3 Fixture

A fixture was designed to clamp the fiber and hold the disc. The design is
shown in Figure 14. The disc lies on an aluminum bearing table. A fine
positioning table on the fixture is used to lower the disc on the fiber.
Then, using a microscope, the length of fiber over the disc surface can be
adjusted while the disc is held in place by vacuum. To prevent high losses
thru heat conduction, the aluminum table has a center hole of 3mm
diameter. The heat lost thru the contact area must still be considered for
the temperature calculations. The whole fixture is positioned on a z-table
with the fiber axis below the scanner. The z-table allows the relative focus

position z, to be adjusted.
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Figure 14 Design of the used fixture

It proofed difficult, to clamp the fiber reproducibly in the fixture especially
when it is clamped with coating. This, however, is necessary to prevent
weathering of the fiber. As a result, the offset of the scanned circle (see
chapter 3.3) must be adjusted for every experiment. Unfortunately, no
aiming optic could be used. Therefore, the scanned circle is often off,
impairing results.

35

Fundamental study in microjoining of fused silica utilizing laser radiation



Development of joining process

3.2 Material

3.2.1 End Cap Fiber

The end cap fiber (fiber) consists of pure fused silica to allow a beam to
broaden inside. Spliced to the end of an active fiber, the broadened beam
has a lower intensity when exiting the end cap. By this damage to the
fiber end is avoided.

The fiber has a diameter of: d,. =400um +12 um

The mode quality of the fiber must not be impaired during the process.
Furthermore, the fiber end was planned to be already polished, ready for
use. Therefore, it was a process requirement, that the fiber end is not
damaged during welding. The latter had to be changed as mentioned in
chapter 4.2.

3.2.2 Disc

To achieve a good connection, the disc, like the fiber, consists of fused
silica. With the disc having the same thermal characteristics, the process is
easier to control. Tension or cracks between end cap and disc are unlikely
to occur.

The disc has a precise hole in the middle to fit on the fiber with low
tolerance. It is imposed on the fiber and then welded to it. The setup with
measures is shown in Figure 15.
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Figure 15 Design of fiber-disc connection

Originally, the discs thickness 4, was 300um but, as shown in chapter
4.1.3, reaching a sufficient penetration depth during the experiments was
problematic. It was therefore decided to reduce disc thickness to 150um.

Measures of the disc:

e Thickness of the disc: h;, =150um

e Disc diameter: d, =4.6mm

e Hole diameter: d, =0.405mm

e Tolerance of hole diameter: +0.0lmm, —O0mm
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3.3 Geometry of the seam

Disc and fiber are placed centric below the scanning optic. Therefore, the
beam surrounds the fiber but can never reach the groove. Figure 16
shows the schematic process.

Figure 16 Geometry of seam on disc. Laser beam hits angularly and surrounds the
fiber. Welding in the groove is not possible.

As mentioned earlier, even the attenuated beam should be defocused by
zp =+4mm . Experiments showed that it makes no difference whether

the focus lies above or beneath the surface. A focus position above the
disc is chosen to be able to draw a narrow circle without damaging the
fiber end. The minimum circle diameter then depends on the length of

fiber above the disc 4,., since the beam should not touch the fiber end.
For example, with a fiber length of A, =2mm and a focus position of
z, =+4mm , the circle diameter d. drawn on the disc must be at least
680um not to hit the fiber end. Figure 17 illustrates this.

38
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Figure 17 Laser beam hitting the disc angularly. Beam Profile on the Disc. Part of
the beam touches the fiber.

The beam diameter (1/e°) on the disc surface for z, =+4mm is 480pm.
Since the fiber diameter is 400um, when using a circle diameter of
680um, parts of the beam even hit the fiber. This may support the
process but it must be considered, that the radial energy of the beam has
the shape of a gauss distribution. Therefore, the energy hitting the fiber is
only a small percentage of the total energy induced. This can be seen in
Figure 17, where the beam profile is shown on the disc.

While Figure 17 shows the minimum circle diameter, a bigger circle
diameter allows higher tolerances for positioning. During the
experiments, the following circle diameter was determined to be

practicable: d. =0.8mm .

It is obvious, that the process is based on thermal conduction, with the
beam center about 200um away from the edge of the hole. The heat
must be given enough time to cross this distance and to melt the material
of the disc at the edge as well as parts of the fiber. As shown in the
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calculations, heat conduction in the disc is fast enough to allow low
process times but the high losses are problematic and to reach the fiber,
the heat has to transcend the gap between disc and fiber. This is done in
part by conduction where disc and fiber have contact but mostly, the
heat transfer to the fiber is based on radiation and convection. Radiation
increases with temperature in the fourth potency but the radiating area is
small. As a result, it is impossible to melt the fiber without establishing a
connection. This is shown in chapter 3.5.2, where different types of heat
transfer are compared.

It is obvious, that the biggest problem of the chosen radial geometry is
the gap between fiber and disc. Although, the fiber, as well as the disc
has very low tolerances, a gap between both cannot be avoided. The
tolerances given by the manufacturers of disc and fiber add up to 27um,
which is the maximum width of the gap on one side, when fiber and disc
have contact on the other.
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During the experiments, it was decided to lower the thickness of the disc
from 300um to 150um (see chapter 4.1.3). This allows reducing process
time dramatically. The parameters used for the calculation are already the
parameters for the thinner discs.

The following settings led to good results during the experiments and will
be used for the calculations:

Parameter Setting

Pulse Period PP =200us

Pulse Width PW =23us

Duty Cicle DC:%zll.S%

Average Laser Power

P, =72W +0.5W

Pulse Energy

E,=P,-PW =14TmJ

Focus position

Z, =+4mm

Beam diameter on
surface

d =480 1m

Intensity on Surface

I = 2515W/mm*

Scanning Speed v, =455mm/s
Pulse Overlap 44%

Length of Fiber h, =2mm
Scanned Circle d. =0.8mm

Diameter
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Number of Scans 1000
Total Process time t, =1l4s
Table 4 Experimentally determined parameters for the described experimental

setup with the 150um disc.
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3.5 Simulation of welding process

3.5.1 Goal of the simulation

Not only can the simulation of a process help finding the right parameters
but also is it possible to proof discoveries made during experiments. Both
is tried to achieve with these calculations.

At first some calculations are made to confirm experimentally determined
settings for the welding experiments like pulse period and laser power.

Some problems occurred during the experiments, as mentioned in
chapter 4.1. For example a sufficient penetration depth could not be
reached with the 300pm disc. It was believed, that these problems are a
result of bad heat conduction but even increasing the total process time
to far above one minute did not improve results.

Finite element methods (FEM) would be necessary to simulate heat flow
in complex geometries like the disc. The laser only heats the surface of
the disc while thermal conduction spreads the heat in the disc. For a
rough approximation of the heat flow, however, another method may be
chosen. The heat flow in the disc is approximated with an iterative
method accounting losses thru convection, conduction and radiation
(chapter 3.5.5). Thru this, it is possible to show which effects are the
dominant and to approximate which average temperatures are reached in
the different parts of the setup.

3.5.2 Pulse Energy and corresponding temperature rise

Since the average power of the laser is only regulated by varying the
pulse width, the glass still experiences the full pulse power. With the
thermal properties of fused silica given in chapter 2.1.2, the effect of one
pulse in the disc can be simulated.

For laser radiation, MITRA [24] recommends a one-dimensional solution of
the FOURIER equation. Due to the high absorption of fused silica at the
used wavelength, it is valid to assume that all energy is absorbed at the
surface. The Temperature for penetration depth (z) and time (¢) can
then be calculated as:
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Figure 18
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2’ p-c
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One-dimensional solution of the FOURIER equation to calculate the
temperature pattern.

where P, is the pulse power, A4 is the irradiated area, p is the

beam

density of fused silica, ¢, its specific heat capacity and /TFS the mean

thermal conductivity at temperatures between 20°C and 300°C. Figure
18 shows the temperature pattern in time and depth for a time of 30us
and a depth of 10um.
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Temperature pattern on the disc surface for a depth of up to 10um and
30us when irradiating with 64\V.

The calculation shows how the energy of the laser beam is accumulated
on the surface. At the end of a 30us pulse, the surface has reached nearly
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300°C. The penetration inside the material is described by the
exponential part of Equation 13. It can be seen in Figure 18.

During the welding process, circles are scanned at high speed. The
material will heat up slowly. When a laser pulse hits the already warmed
up glass, the heat has not enough time to spread and is accumulated at
the surface. For a short time, high temperatures may be reached at the
area of impact. If the intensity is too high, this leads to temperatures
above the boiling point of fused silica and massive vaporization. This was
observed with average laser power above about 8W. For the calculation
below, a pulse width of 23pus is used, which resembles an average laser
power of 7.2W. This setting proofed to be the maximum laser power to
keep vaporization low.

3.5.3 Thermal relaxation time

An important factor for laser applications is the thermal relaxation time. It
is a measurement for how fast the temperature decreases in a specific
area due to heat transfer. As shown in chapter 2.2.2.3, this is of special
interest for glass applications. When working with a pulsed laser, it must
be tried to achieve heat accumulation in the working area. Thus, the
pulse period must be adjusted to the thermal relaxation time.

The definition of thermal relaxation time is gained from the solution of
the FOURIER equation (Equation 13) mentioned above. It is defined as the
time, at which the exponential part in the solution becomes —1 for the
absorption depth of the laser radiation. The latter can be calculated after
CROOKS [7]:

1 A
IB =
a 4.7k,
Equation 14 Calculation of absorption depth.
with a as the absorption constant, A4 as the wavelength and £, as the
extinction coefficient (see chapter 2.1.2).
The absorption depth in fused silica for 10.6um wavelength is 34um.

Using this in the exponent of the solution above as depth z and
dissolving to ¢, the thermal relaxation time can be calculated as:
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2
Tp = P
4.-x
Equation 15 Calculation of thermal relaxation time

The thermal relaxation time for fused silica is 678us. The pulse period
should not be bigger than the thermal relaxation time to allow the energy
of the pulsed laser to accumulate. For the experiments, a pulse period of
200us is used. Concordantly, the material does not cool down
significantly in between two pulses and the heat may accumulate.

3.5.4 Heat transfer

3.5.4.1 Radiation

Radiation strongly depends on the temperature difference between the
medium and its surrounding. Assuming, that fused silica acts as a black
body [21], heat loss thru radiation is described by:

0,1 =c-A,-(r*-1,")

Equation 16 Radliative heat flow

i A as

) A,
m*K*

radiating area, T as the temperature of the glass and T as the
temperature of the surrounding.

with o as the STEFAN'S constant (o =5.67-107°

Increasing with temperature in the fourth potency, radiation usually
dominates at high temperatures.

3.5.4.2 Convection

The losses thru convection are described by the following equation:
0.(N=ac-4,(T-T;)

Equation 17 Heat flow thru convection

with 4, as the active surface and a. as the convective heat transfer
coefficient. It depends on the surface condition and the surrounding
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atmosphere. For a polished surface with natural convection (no flow), a,.

is given as 5.64 [19].
m-K

The same Formula will be used in the calculations to simulate the

temperature flow into the aluminum contact area. Although, this is a

conductive heat transfer, the transit to the aluminum is described by the

same equation like the transit to the air by convection. For the transfer to

the aluminum, the heat transfer coefficient for still water on a metal
w

m* K

surface is used: «a ,, =350 [19]. This is the closest match to the

conditions that was found.

3.5.4.3 Heat conduction

The geometry of the disc is described by using cylindrical coordinates.
Here, the cross sectional area increases with increasing radius. With all
other variables constant, heat conduction in the disc only depends on the
radius and is therefore one-dimensional. The change of cross sectional
area with radius can be described by using the logarithmic mean of the
cross sectional areas in between which the conduction takes place [22].

_ AC max A
! ln(AC max /AC min )

C min

Equation 18 Logarithmic mean of the minimum and maximum cross sectional areas.

where A4 and 4 are the minimum and maximum cross sectional

areas.

C min C max

The heat flow thru the length /; is then described by:

. — A
Q/I(T) = Z’FS 'Z_/I'(T_Ts)
A
Equation 19 Amount of heat lost thru conduction in radial geometry

Where Qﬂ (T') is the heat flow thru the logarithmic mean cross sectional

area A, and A,(T) is the thermal conductivity. It depends on

temperature as described in chapter 2.1.3.4. The used iterative method
allows choosing the appropriate value for every increment.
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3.5.4.4 Heat transfers in the disc

The different heat transfers shall now be compared for the radial
geometry of the disc. Please note, that this is only a rough approximation
to compare the three mechanisms of heat transfer.

Thermal conduction in a radial geometry is calculated by using the
logarithmic mean of the inner and outer cross sectional areas thru which
conduction takes place (Equation 18). The inner cross sectional area is
calculated for a radius of 0.5mm. This is the radius up to which the
surface was observed to be melted during the experiments with a circle
diameter of 0.8mm. It shall therefore be referred to as the radius of the

melt » ~=0.5mm (see Figure 19 below). The outer cross sectional area

melt

is the outer edge of the disc. The length of conduction (/) is the distance

between inner and outer cross sectional area. Temperature dependence
of the thermal conductivity is accounted by using Equation 2 for the
present temperature. For the comparison, conduction is approximated
assuming that the edge of the disc remains at room temperature. It
depends on the temperature difference so a more accurate method is
used for later calculations.

Figure 19 gives an overview of the used measurands for the calculations.

Active Area for
Fadiation on Both Sides

Active Area for Convection
on Both Sides

Inner Cross Sectional
Area of Conduction

Contact Sutfaceto

Alunitnin Bearing Plate
Outer Cross Sectional
Area of Conduction

Figure 19 Measurands for the calculations

The radiating area was approximated as the melted surface. Depending
on temperature in the fourth potency, the radiation should be calculated
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for every radius separately. Without knowing the temperature at every
radius, the radiative loss is approximated by calculating only the radiation
of this melted surface using one temperature. This is the hottest area and
since radiation strongly depends on temperature, it is the biggest part of
the radiative losses.

Convective losses only play a small role. Since their dependence on
temperature is low, it is legitimate to use the whole disc surface for their
calculation.

The three different mechanisms of heat transfer have a different
dependence on temperature. While convective heat transfer increases
linear with temperature, the radiative heat transfer rises with the fourth
potency of temperature and the conductive heat transfer varies with the
thermal conductivity after Equation 2. Figure 20 shows a comparison of
the occurring losses for the radial geometry of the disc.
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Figure 20 Comparison of occuring losses exemplified at the heat flow in the disc.
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The approximation already shows, that the loss thru conduction clearly
dominates the process. Although it is referred to as loss, it is evident for
the success of the experiments. Good thermal conduction is needed to
heat up the inner part of the disc and melt it in the whole depth.

Radiation, which usually dominates at high temperatures, is comparably
low because of the small radiating area.

3.5.5 Calculation of temperature during heating and cool down

As shown above, the losses all depend on the actual temperature.
Therefore, an iterative method is used to simulate the temperature
progression. It allows the losses to be calculated for the actual
temperature of every calculation step. They must be regarded as negative
powers since they dissipate energy from the material. Equilibrium is
reached when the amount of heat lost equals the amount of heat
inserted by the laser. Conduction clearly is the limiting factor for the
temperature reached in the glass. Since it depends on the temperature
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difference, the temperature at the outer edge of the disc is approximated
with an iterative method first using a constant inner temperature and
then used for the conductive loss to calculate temperature at the laser
impact area.

The temperature is calculated by applying the resulting power (inserted
power — losses) to a certain mass of fused silica with its corresponding
heat capacity. This method implicates, that the power is inserted into the
whole mass instantly. This is not the case here since the laser energy is
absorbed on the surface and then propagates into the material. The
calculation must therefore be understood as an approximation of the
average temperature reached in the mass. The calculation of the
temperature of the outer edge for example uses the whole mass of the
disc outside the melted radius. The temperature at the outer edge will be
lower than the calculated value.

3.5.5.1 Approximation of temperature of the outer edge

The following parameters are used to calculate the temperature of the
outer edge of the disc:

e The temperature at the radius of the melt (r,, ) is approximated
as constant 2000°C.

e The thermal conductivity to the edge is calculated with the mean
thermal conductivity of the present temperature range after
Equation 2 and Equation 3:

T et T+379 T+379
jo.78—o.054-e 34 10.165-¢ 45 T
S
X,FS‘I. — Edge.i
Tmelt - TEdge.i

e The length of conduction is I, =r, —r,,, =1.8mm, which is the
distance between the melted center and the edge.

e The logarithmic mean cross sectional area of this length is
(Equation 18):
A

_ Aﬂ.Edge A melt

A, = Hdee  Timelt
A
ln( AEdge ]
Aﬂ,melt
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e The heat flow of conduction is then:

A

Q,, = ZFS.:‘ l_i(T - TEdge:i)
2

e Convection losses are calculated for the surface area of the disc
from the melted zone to the edge. The temperature of the

surrounding (7§ ) is constant at room temperature:
Qm =ac.-Ac ‘(TEdgej _Ts)

e Radiation losses are calculated for the same area 4, = 4.:
Qo‘.[ =04, 'lTEdge.i4 _TS4J

e Conductive losses to the aluminum bearing plate are calculated
with the heat transfer coefficient of still water on metal.

O i = %o = A .(TEdge‘i - TS)

e The heat capacity of the glass is calculated for the mass of the
disc outside the melted zone m,,, .

e After two seconds, the cool down process is simulated by setting
the heat conduction from the melted zone to OW

Figure 21 shows these parameters and the losses schematically.
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Figure 21 Schematic illustration of the calculation of the edge temperature.

The temperature of the discs edge may now be calculated as:

) ) . . At
T, Edgei+] — T, Fdgei T [Q/l,i - Qo‘j - sz.i - QAlu.i |—

cp ' mEdge
with Af¢ as time increment for the calculation.

Figure 22 shows the temperature progression delivered by the calculation.
The edge reaches equilibrium at a temperature of about 950°C when the
melted zone has a constant temperature of 2000°C. After two seconds,
the cool down process is simulated by setting the heat conduction from
the melted zone to OW. The high conductive loss to the aluminum
bearing plate leads to a rapid cooling down of the disc at the edge. It
reaches room temperature after approximately 0.3 second.
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Figure 22 Approximation of the temperature progression at the outer edge of the
disc

This temperature progression is now used to calculate the losses thru
heat conduction from the melted center to the edge when calculating the
temperature there.

3.5.5.2 Calculation of temperature in the melted zone

The temperature at the impact area is calculated using the same method
like before. Running the same index, the calculation uses the present
temperature of the edge calculated above for every iteration step. By this,
the calculation of heat conduction becomes much more accurate than
the approximation made in chapter 3.5.4.4.
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Figure 23 Schematic illustration of the temperature calculation at the area of impact

The following parameters are used:

e The average laser power is about 7.2W. This is a setting
discovered experimentally. The laser power heats the whole mass
used for calculation simultaneously.

e The calculation of the thermal conductivity to the edge is the
same as before, only now it is considered a loss and therefore
negative. It uses the temperature propagation of the edge
described above and the same parameters.

2 2N - .
e The melted area 4,,, =x-(r,,, —ry ) is used as active surface
for convection as well as radiation 4, =4, =2-4

melt *

e Radiation losses are:
: 4 4
Qo‘.i =0 Amelt : [Tmelt.i - TS ]

e Convection losses are:
Qa.i = aC ' Amelt : (Tmelt.i - TS)

e The mass m_, is approximated as the whole disc material of the

melt

melted Area: m,, = A4, -h, p.
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e The laser power is set to OW after 2 seconds to simulate a cool
down process.

The temperature in the melted zone may then be calculated as:

- A
Ti+1=Ti+[PL o d [ 1 ae A (DTG T |
A

c .mme
N ~ J ~ AN ~ P It
o, 0, 0,
Equation 20 Iterative calculation of temperature

with At as time increment for the calculation. Figure 24 shows the result
of this calculation.
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Figure 24 Simulation of the temperature development in the glass. The steep rise is
limited by the growing loss thru conduction. It keeps rising slowly until
equilibrium is reached at nearly 1900°C. When setting P, to OW after 2s,
the high conductive loss leads to a steep decline of temperature before its
effect weakens at lower temperatures.

The temperature rises steeply before the growing losses thru conduction
slow it down. It slowly increases further until the edge of the disc has
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reached its equilibrium, too. Now, the sum of all losses equals the energy
inserted by the laser. A temperature of nearly 1900°C is reached after
about one second. When welding, this temperature is held for about 14
seconds but to demonstrate the cooling down, the laser power is set to
OW after 2 seconds already in the calculation.

It must be perceived, that this is an approximation only. This calculation
assumes that the energy of the laser spreads in the whole melted zone
instantly increasing temperature in the whole depth. In fact, a
temperature gradient forms as shown in chapter 3.5.2. The temperature
at the discs surface must be higher than the temperature calculated here.
Experiments showed that with an increase of laser power above the value
used for calculation, vaporization of the material increases rapidly. It is
therefore believed, that then temperatures above the boiling point of
2230°C are reached at the laser impact.

When cooling down, the high conductive loss leads to a steep decline of
temperature before its effect weakens at lower temperatures. The glass
cools down by about 1800°C in only 0.5 seconds, leading to a cooling
rate of about 3600K/s. Although, this is only a rough approximation of
the cool down process, it is obvious that the minimum cooling rate of
9:10° K/s, needed to avoid devitrification, is surpassed by far. No
additional cooling is needed.

3.5.5.3 Calculation of temperature at inner edge

To establish a connection between disc and fiber, the edge of the hole
must be melted. To simulate the temperature progression at the hole, the
same method as above is used again. The heat now flows from the radius
of laser impact (0.4mm) to the radius of the hole (0.2mm) with the
corresponding length, cross sectional area and mass. The temperature at
the radius of laser impact shall be the temperature of the melted zone
calculated above. The mass of the disc from the radius of impact to the
hole is used for the calculations. This is valid to make an approximation
for the temperature because the temperature crosses this volume to
reach the inner edge.

Figure 25 shows a schematic illustration of the heat flow in the inner part
of the disc.
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Figure 25 Schematic illustration of the temperature calculation at the inner edge

Figure 26 shows the temperature pattern at the hole. It must again be
noted, that the simulation cannot resemble the actual temperature.
Temperature accumulation at the edge is not simulated. In reality,
especially the temperature at the top of the disc will be higher than
calculated. Nevertheless, the calculation shows very nice that temperature
at the inner edge increases nearly as fast as at the area of impact, having
only a slight delay. Equilibrium is reached at 1400°C after one second
already. This temperature is remarkably lower than the one calculated for
the area of impact. Conduction to the outer edge of the disc and losses
thru radiation and convection prevent a higher temperature at the inner
edge. This complies with the discoveries made during the experiments.
Since laser radiation is absorbed on the surface, the temperature spreads
in the top of the disc faster but due to high losses, the heat does not
reach the bottom of the 300um disc leading to an insufficient
penetration depth (see chapter 4.1.3).
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Figure 26 Simulation of the Temperature rise at the hole. The temperature reaches

equilibrium at 1400°C already after about one second.

3.5.5.4 Heat transfer to the fiber

When no connection between fiber and disc is established, the gap
between disc and fiber can only be transcended thru convection and
radiation. This process is now simulated using the temperature calculated
above. Radiation is calculated as mentioned above. The corresponding
areas are the inside of the hole and the opposing fiber surface. Since the
gap is very narrow, the discs radiation will hit the fiber entirely.

Heat transfer thru the gap is described by two equal coefficients of

and the heat

convection (Disc-Air and  Air-Fiber)  a. =5.6—;
m .

conduction in air 4, = 0.02LK [19]. Those three coefficients can be

m .
written in one as [17]:
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B 1
gap 7 Woop
aC ﬂ’air
Equation 21 Combined constant for heat transfer thru the gap by convection.

The width of the gap is w,,, =13.5um, assuming that the fiber is

perfectly centered with an even gap all around. The heat flow thru the
gap by convection is calculated as:

QCgap =k gap Agap : (T pise — 1 ﬁber)

EFquation 22 Heat flow thru the gap

with A4, as the inner surface of the hole: A4,, =7-d, -h, and the

temperatures of disc (7, ) and fiber (7', ).

Radiation is calculated as before. Again the radiating areas are the same
as for convection.

The only loss accounted in the fiber is the heat conduction in z-direction.
Its cross sectional area is the cross sectional area of the fiber:

Aiver = 7-r,". The heat is conducted in both directions. As length of

conduction, 2mm is used. This was used as the length of fiber over the
disc before. The loss thru heat conduction occurs in both directions of z.
Therefore, it occurs in Equation 23 twice. The temperature at the end of
the fiber shall be constant 20°C.

Using the temperature of the hole calculated above, the temperature of
the fiber is calculated as:

At

T, Fiber.k+1 — T Fiberk T [QCgap.k + Qogap.k -2 QﬂFiber.k]
P ' mFiber

Equation 23 Temperature of the fiber
The calculation delivers the temperature propagation given in Figure 27.
The bad temperature transfer thru the gap prevents higher temperature.

Equilibrium is reached at about 120°C. It is no doubt that this
temperature cannot lead to a connection between fiber and disc.
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Figure 27 Temperature propagation in the fiber. The bad heat transfer thru the gap

limits the maximum temperature reached.

This calculation, like the others, too, is only an approximation. It
calculates the temperature of the whole fiber. For welding, it would be
sufficient to melt the surface. Still, the temperature pattern shows that
heat conduction thru convection and radiation are clearly not enough to
melt the fiber. Only when a connection between fiber and disc is
established, the much higher conductive heat transfer melts the fiber.
This supports the discovery made during the welding experiments. Here,
it was often not possible to establish a connection between fiber and
disc. The problems occurring during the experiments are described in
depth in the next chapter.
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4 Welding experiments

4.1 Occurring problems

4.1.1 Fiber positioning

To guarantee a continuous connection, it is necessary to spread the
energy of the beam evenly around the fiber, heating up the disc on its
whole circumference equally. Otherwise, one side of the disc is melted
first and surface tension may lead to the building of a hole. Since the
fiber is clamped with coating, the fiber position is badly reproducible. The
position of the scanned circle must be adjusted for every experiment.
Since no aiming optic is available, this is only of limited success. The only
possibility to adjust the circle position is to start the process and cancel it
if a bad positioning is detected. The circle can never be positioned
perfectly centrically and would sometimes even hit the fiber.

Altering the fixture to clamp the disc would avoid this. A fixed disc
position is easier to achieve than a fixed fiber position.

4.1.2 Pyralyzation and Vaporization

As mentioned in chapter 2.1.3.1, fused silica begins to pyralyze at
temperatures as low as 1350°C. Furthermore, heat accumulation on the
glass surface can lead to temperatures above the boiling point of 2230°C.
This effect was also described theoretically in chapter 3.5.2. Both effects
may occur at the same time and can not easily be divided. Temperature
measurement on the glass was not possible during these experiments so
the effects of pyralyzation and vaporization had to be minimized
experimentally. The forming of an undercut was experimentally
researched by drawing blind seams on fused silica slides.

An undercut forms when either the intensity is too high or process times
are raised to above about one minute. While the first effect should be
due to heat accumulation on the glass surface and thru this vaporization,
the second might be a result of increasing pyralyzation. The described
band of haze, originating from the oxidized SiO or condensed vapor was
observed after most experiments.
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Vaporization can be minimized by limiting intensity on the glass, avoiding
heat accumulation on the surface.

To minimize pyralyzation, process times should be minimized. To keep
process times as low as possible, the energy must be kept high while
intensity on the glass should not exceed a certain level to avoid
vaporization.

To limit intensity and thru this vaporization, the beam is defocused by
+4mm leading to an intensity on the surface of I :2515W/mm2 A

scanning speed of 455mm/s at a pulse period of 200us leads to a beam
overlap of 44% d. Vaporization was then observed to occur with

average powers above about 8W.

With 7.2W and the speed and focus position mentioned above, more
than 4000 scans were needed to establish a partly connection with the
300um disc. With such long process times, pyralyzation still leads to an
undercut at the beam impact. Further increase of process time merely
improves results since the losses prevent a further spreading of
temperature but worsens the effect of pyralyzation.

A typical example for such an effect can be seen in Figure 29 on page 65.
Still using the 300um disc, the number of scans was increased to 6000
here, leading to a deep undercut.

Using the 150um disc, vaporization and pyrolyzation could be reduced to
a minimum by decreasing average power and lowering process times.

4.1.3 Limited penetration depth

When welding metals with the laser, a plasma capillary usually builds up,
enabling the radiation to be absorbed at the whole depth of the material.
It may then spread evenly to the sides establishing a continuous
connection. For glasses and especially for this setup, this is not possible.
The radiation is absorbed at the surface and temperature must be given
time to flow to the seam and melt the glass. Bearing in mind, that the
whole disc from the impact of the beam to the edge and even parts of
the fiber must be heated to above 2000°C by thermal conduction and at
the same time, temperature on the surface must not exceed 2230°C to
avoid vaporization, one can imagine that the whole process is quite
sensible. The heat conduction process is shown schematically in Figure
28.
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A

Figure 28 Heat conduction in the disc. Hard to achieve sufficient penetration depth.

The scanned circle radius can not be increased as mentioned above.
Thermal conduction is therefore the key to success for this experiment.
Conversely, as shown in the calculations, the high losses lead to rather
low temperatures. Especially the lower part of the disc needs a long time
to heat up or might never reach a sufficient temperature. With the
300um disc, for example, it was not possible to achieve sufficient
penetration depth. This leads to a kerf between disc and fiber. A notch
effect at this kerf made the connection very sensible to applied forces.
Even the slightest touch would then lead to the breaking of the fiber at
the kerf. Figure 29 shows a cross section of such an experiment. The fiber
broke off at the kerf and pyrolyzation and vaporization led to the forming
of a deep undercut.

64
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Figure 29 Cross section of an experiment with a 300um disc. Increased pyrolyzation
and vaporization led to the forming of a deep undercut but still no
sufficient penetration depth is reached. The fiber breaks due to a notch
effect in the resulting kerf. [Microscope. Nikon Eclipse ME60O, 100-times
magnified,; Photo. Spot Insight Color 3.2.0, Spot Advanced Software
3.2.4]

The calculations showed, that heat conduction in the disc is problematic.
Massive heat conduction to the outer edge of the disc leads to a low
temperature reached in the inner part of the disc. With twice the
thickness, the 300um disc has twice the mass and heat capacity of the
150pum disc used for the calculations. The higher loss thru thermal
conduction in the thick disc leads to even lower maximum temperature.
The high process times could not improve the result since equilibrium was
already reached. Figure 30 shows a comparison of the temperature
reached with 150um and 300pm thickness.

65
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Figure 30 Comparison of the temperature reached in the disc with 150um and
300um thickness [-- 150um, -- 300um]

With the given setup, a solution to the problem is increasing the beam
diameter on the surface, allowing a higher laser power while keeping
intensity on the disc constant. To avoid damage to the fiber, it is then
necessary to increase the distance from the seam. This is contra
productive because the heat has to cross a bigger distance and even more
material has to be melted. Experiments approved this.

The changed experimental setup described in chapter 4.2 might be a
solution for this problem because it allows bigger beam diameters
allowing to join the 300um disc on the whole depth as well. A first
solution to this problem, however, is reducing the discs thickness. The
fewer material of a thinner disc reduces heat capacity. With a connection
in the whole depth, a radius of curvature on the joint improves the
distribution of forces, leading to a higher stability.

The thinner discs have a thickness of 150um. They allow the laser power
to be reduced and a lower number of scans of only 1000
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4.1.4 Withdrawing of disc due to surface tension

As mentioned in chapter 2.4, surface tension causes a liquid to minimize
its surface area. Since a gap between disc and fiber cannot be avoided,
this means that as soon as the glass is melted thru and no direct
connection to the fiber exists, a spherical shape forms at the edge causing
the glass to withdraw from the fiber. Figure 31 shows a cross section of a
disc where the glass has withdrawn from the fiber. Furthermore, the
groove where the directly hitting laser beam has vaporized some material
is visual. It is not as deep as in Figure 29 anymore, since the number of
scans could be reduced to 1000 and laser power was reduced to about
5.6W.

Figure 31 Forming of a drop-like shape by the melted glass due to surface tension.
The glass has withdrawn from the fiber without making a connection.
[Microscope: Nikon Eclipse ME600, 200-times magnified; Photo. Spot
Insight Color 3.2.0, Spot Advanced Software 3

When the disc has close contact to the fiber, the same effect leads to the
melt being drawn towards the fiber now minimizing the common surface
area. A connection is then established at this point. Because of the radial
symmetry, however, it is not possible to establish a contact all around.
Where the connection is established first, the surface tension causes the
liquid glass around the fiber to flow to this position. The material is then
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missing on the other side of the fiber and a hole forms there. Figure 32
shows this process schematically.

Figure 32 Forming of a hole due to surface tension. a) Fiber has close contact on
one side only. b) Disc melts on the whole circumference but can only
connect where direct contact to the disc occurs. ¢) The melted glass of
the opposite side flows towards the connection. d) A hole remains.

Figure 33 shows a microscope picture of such a hole. Additionally,
bubbles are visible opposite to the hole where the air of the gap did not
have enough time to ascend and was “frozen in”.
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Figure 33 Microscope picture of a hole that formed due to surtface tension.
Addltionally, bubbles are frozen in the melt because they had insufficient
time to ascend. [Microscope. Nikon Eclipse ME60O, 100-times magnified;
Photo. Spot Insight Color 3.2.0, Spot Advanced Software 3.2.4]

Increasing the temperature of the melt would lower viscosity and surface
tension as described in chapters 2.3 and 2.4. However, considering that
the viscosity of fused silica at elevated temperatures is still high, a further
increase of temperature would rather lead to massive vaporization at the
impact area than a better connection. While the freezing-in of bubbles
can be avoided by increasing process time, the forming of the hole can
only be prevented by using filler material. It was therefore decided to
change the whole concept of the fiber connector as shown in the next
chapter.
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4.2 Changed experiment setup

As mentioned earlier, the thickness of the disc was reduced to 150um.
The number of scans and thru this the process time can then be reduced
while keeping intensity high. The thinner disc is easier to melt in the
whole depth. This however leads to a radius of curvature on the joint
increasing stability.

The gap between fiber and disc was identified to be the biggest problem
for the success of the experiment. It prevents heat transfer to the fiber.
This makes it hard to establish a connection between fiber and disc on
the whole circumference. If fiber and disc have contact, the much higher
conductive heat transfer melts the fiber at this point. Once a connection
is established, surface tension leads to the building of a hole.

The use of a scanner optic forces a distance between beam impact and
groove as mentioned above. During the experiments it was not possible
to change the setup in the way that the beam hits directly the groove.
This, however, is one of the main reasons for numerous problems
determined during the experiments. It must be tried to aim the beam
directly on the groove. With the used setup, this is not possible without
damaging the fiber.

Other than the original setup, it was therefore decided to aim the laser
directly on the gap. Instead of avoiding damage to the fiber end, which
was originally meant to already be polished, it is now completely melted.
Not only allows this to heat up the seam directly, but also is the melted
fiber now used as filler material. It fills the gap between fiber and disc
and thru this allows a connection on the whole circumference. The
changed setup is shown in Figure 34.
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Figure 34 lllustration of the changed experimental setup

By further defocusing to z, =+6mm and reducing the scanned circle
diameter to d, = 0.4mm , the fiber end is melted. The changed settings

lead to a direct heating of the fiber. Heat transfer thru the gap is not
necessary anymore. The melted fiber flows into the gap. With the
additional fiber material, holes are less likely to occur and a connection on
the whole circumference is possible. The higher focus position also leads
to a bigger spot area and thus lower intensity on the surface of
1118W/mm’ compared to 2515W/mm’* with the lower focus position. In
combination with the reduced process time, this leads to a very low
pyralyzation and vaporization. In fact, forming of an undercut is not
observed anymore as seen in Figure 35 on page 73.

Different lengths of fiber were tested. It showed, that only very little fiber
material is needed to fill the gap. The length of fiber above the disc can

be adjusted under the microscope to about 4, = 0.1mm . After welding,

only a small bulge remains. Fiber and disc can then both be polished and
act as the fibers end surface.

71
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Table 5 lists the parameters for the changed setup.

Parameter Setting

Pulse Period PP =200us

Pulse Width PW =21us

Duty Cicle DC = % =10.5%

Average Laser Power

P,, =5.6W +0.4W

Pulse Energy

E, =P, -PW =134mJ

Focus position Zp =+bmm

SBl(Je;af;ncgiameter on d, =698 um

Intensity on Surface I, =1118 W2
mm

Scanning Speed v, =455mm/s

Pulse Overlap 63%

Length of Fiber hp =0.1mm

SamedCide e~ 0mn

Number of Scans 500

Total Process time t,=0.7s

Table 5

Parameter settings for the changed setup.
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5 Results

With the thin discs, a nice radius of curvature at the connection is
achieved improving distribution of forces in the material and after
changing the process setup, it was finally possible to achieve a good
connection between fiber and disc. Figure 35 shows a cross section of a
first example of such a connection.

Figure 35 Connection with melted fiber end. Small bubbles in seam should not
impair beam quality. [Microscope: Nikon Eclipse ME60O, 100-times
magnified; Photo. Spot Insight Color 3.2.0, Spot Advanced Software
3.2.4]

The few bubbles in the seam of Figure 35 should not degrade stability
seriously and might be avoided by slightly increasing process time. The
functionality as end cap remains unaffected since the light will not
propagate to the very edge of the fiber. During these experiments, the
end surface could not be polished. It can therefore not be guaranteed,
that the process does not impair mode quality. Further testing is
necessary here.

Still problematic is the reproducibility of the fiber positioning. It should be
tried to either improve the clamping or install an aiming optic. It would
then be possible to aim the drawn circle on the gap directly, melting disc
as well as fiber.
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6 Résumé

The unique properties of fused silica make it a hard to handle material. In
combination with the complicated radial geometry of the seam, this
made the experiment a challenging task.

While a few problems remain, the experiments can be rated as a success.
It was shown, that a connection between fiber and disc can be
established and most of the occurring problems were solved. The
changed setup is a great step towards developing a stable process for
manufacturing the fiber connector. Little more work should lead to a
reproducible process delivering a strong connection and good optical
properties.

For later manufacturing, it might be interesting to try other geometries or
material combinations. Combinations of fused silica for example with
Pyrex® glas was tried during other experiments with promising results. A
different geometry would solve the problems connected with the radial
geometry.
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