Estonian Journal of Engineering, 2009, 15, 2, 131-142 doi: 10.3176/eng.2009.2.06

Substance-to-substance joining of quartz glass
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Abstract. A pioneering procedure for substance-to-substance joining of quartz glass is described.
Diffusion welding was examined as a possible joining method. Welded components made of quartz
glass are applied in high-temperature engineering for laser and optics applications. Quartz glass
was joined without interlayers in order to maintain optical characteristics of the joining partners.
Based on the principles of joint formation of pure SiO,-glass in the solid state, a joining
technology, using diffusion welding, is described and the joints are analysed. Diffusion welding,
realized at near-transformation temperature, results in an increase of polymerization and formation
of an optical thin joining layer.
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1. INTRODUCTION

Diffusion welding is a procedure for joining materials in the solid state with-
out molten phase. This procedure is mainly used to join metals where diffusion
processes and dislocations in the crystalline structure lead to a substance-to-
substance joint.

Diffusion welding has mainly been used in the field of armament and tool
making since the 1950s and today it provides solutions for complicated welding
tasks in the aviation and aerospace industry, nuclear energy technology, optical
industry and in microsystem technology. Numerous joining tasks can be per-
formed by means of this procedure to join parts of the same material. Presently
diffusion welding represents an interesting approach to joining metals, glasses,
ceramics, and different ceramics with each other in spite of different character-
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istics of the materials. A contact of the surfaces to be welded is necessary for the
joining process. A joint is formed by surface diffusion and material reactions,
which are caused by heat and pressure applied in a suitable work medium.

Diffusion welding enables the production of temperature resistant, high-
strength and vacuum-tight joints. An advantage of diffusion welding is that no
interlayers (solders) are necessary. That is why this procedure is interesting for
joining of glasses as the optical qualities are maintained and the joining zone
remains transparent.

Quartz glass is an inordinate network of SiO4-tetrahedrons, which are con-
nected at their O*corners (4-bridge oxygen ions) [']. The following theoretical
considerations, based on welding experiments, speak in favour of the diffusion
welding of glass. They are also meant to be the basis for the diffusion welding of
technical and optical glasses, crystals and glass ceramics, which can be used for
interesting technical applications due to their versatile characteristics.

The aim of the joining process is to create a substance-to-substance joint, no
matter which procedure has been used. Due to the extent of their bonding energy,
atom, ion, metal and mixed bonding types are counted among the bondings,
which enable the creation of a substance-to—substance joint, because their bond-
ing energy is at least as high as that of the actual base material. The van-der-
Waal sz_lzonding is much weaker and would not create a substance-to-substance
joint [77].

From literature, different hypotheses for the joint creation in the diffusion
welding process are known, such as the thin layer, energy, recrystallization,
diffusion and gap hypotheses [>°]. Studies on the joining of other material pairs
have shown that these hypotheses cannot describe the processes adequately,
because they are restricted by respective material combinations. Even though the
lack of adequate experimental data complicates kinetic considerations of the
reactions and thermodynamic predictions on the possibility of the joint, assess-
ments by means of thermodynamic laws are possible.

When heating two contacting solid surfaces, a viscous flow starts at a
sufficiently high temperature and pressure. With glasses, temperatures near the
transformation temperature (Ty) are necessary. In this process the surface layers as
well as some amount of the base material are torn apart. Diffusion processes (gap
formation and movement) take place on the surfaces or in the bodies. The welding
surfaces conform to each other until the state of physical contact is achieved. This
is caused by the van-der-Waals interaction. This process takes a certain time
depending on the temperature, contact pressure per unit area and the condition of
the material and its surface. Free valencies, so-called activated centres, occur on the
surface as solid body surfaces are always heterogeneously reactive [].

For substance-to-substance joints the activation energy (E,) has to be applied
until chemisorption processes start in the activated centres. Then clusters or
germs are formed in these areas between the surfaces and thus the substance-to-
substance joint is created. In the transition of the physical contact chemisorption,
afurther approximation of the surface atoms takes place. If afterwards clusters or
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germs are formed, these substance-to-substance joint islands can grow through
further energy input and subsequent diffusion processes at the surface. More and
more atoms react with each other. A surplus of energy can lead to volume
diffusion processes afterwards.

The diffusion welding of quartz glass can be considered as a joining of low-
molecular SiyO, tetrahedron structures to form higher-molecular Si,O, clusters.
This process takes place in a mutually formed interlayer of the quartz glass
surfaces. At low temperatures, H,O- and OH-groups function as catalysts. Con-
densation reactions are exothermal, the formation of larger clusters is abetted,
especialy in the formation of cristobalite-containing networks ['].

Movements of tetrahedron chains and tetrahedron rings in the interlayer are
primary processes in the diffusion welding. Rising temperature leads to increased
movability of the Si,O, structures and also individual H, and OH molecules as
well as to the desorption of H,O and OH. Thus the probability of condensation
rises. When the temperature rises, the low-molecular elements remain an
important reaction partner due to their higher movability.

From a temperature of 320°C, the original number of silanol places is no
longer available due to irreversible condensation reactions. H,O molecules are
unable to break the higher-molecular clusters. At about 400°C, al H,O
molecules are desorbed from the interlayer, and gluing is physically not possible.
However, this temperature is sufficient for a substance-to-substance joining of
quartz glass samples, physicaly glued at an area of 15 x 15 mn?, if these are
tempered for 60 h, exposed to air.

At diffusion from the pore volumes at a temperature higher than 500°C, H,O
is important for diffusion welding. Single silanol bridges are broken and the
number of OH-groups is increased. Main reactions take place between clusters
without surface groups. This is caused by the welding pressure, applied at a
temperature of 950°C [*']. Here the reaction layer grows with the rising tem-
perature. Movements and growing processes of the Si,O, grains at the surface are
the reason for this. Only high-molecular Si,O, clusters without OH-surface
groups and SiO, christobalite structures can be expected after the complete trans-
formation of the silanol groups at temperatures above 900°C. The transformation
of silica gels takes place at about 1100°C. This enables a drastic reduction of the
welding time. The formation of a thin translucent connection layer of SIO,-like
SOy clusters (high-temperature f- or low-temperature a-cristobalite SiO.)
between diffusion-welded quartz glasses and the complete polymerization of
neighbouring SiyO, structures as well as an increase of bridge oxygen ions take
place simultaneously [*].

Despite the use of the diffusion welding for substrate-to-substrate joining of
different materials[**™*], the joining process of technical and optical glasses
without interlayers, in order to maintain optical characteristics of joints, has not
been studied in detail. In this paper the diffusion welding of quartz glass has been
studied in order to optimize process parameters and to evauate the optical
parameters of the formed joining zone.
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2. EXPERIMENTAL

Quartz glass, which is high-temperature stable and chemically resistant, was
used in order to examine the joining mechanisms that lead to a substance-to-
substance joint in the diffusion welding process. Quartz glass joints were made
and the joining procedure was evaluated. The creation of the joining zones was
characterized by their properties.

The procedure is generally characterized as joining solid state parts as a result
of the occurrence of atomic bonds, created through local plastic deformations at
an increased temperature and mutual diffusion in the surface layers. In the
preparation of the diffusion welding trialsit was necessary to process the welding
surfaces of the quartz glasses by grinding and polishing. The demands on the
contact surfaces of the quartz glasses were very high in terms of contour
parallelism, roughness and cleanliness in order to realize high-quality joints.
Therefore the joining surfaces of the quartz glass samples with a diameter of
20 mm and a thickness of 6 mm were processed by lapping with silicon carbide
(SiIC) and different grain sizes from 37 to 5 um and subsequent polishing on a
lever polishing machine with Ceroxid (CeO,), a polishing paste of 1 um. Surface
processing resulted in an average roughness of 0.02+0.01 um. Figure 1 shows a
scan over a polished quartz glass surface.

Based on the chemical and physical qualities of quartz glass (Table 1), the
welding temperature, welding time and welding pressure were varied. For the
welding process itself, the following conditions for the diffusion welding of the
same glasses as well as of different glasses with each other are to be considered:

« minima difference of the expansion coefficients Aa (glass 1/glass 2) <
0.3 x 10°%K;

+ the same transformation temperatures Ty, or the welding process conforms
with the lowest transformation temperature of the glass combination;

» thermal conductivity of the glasses;

» compatible geometry of the joining surfaces for diffusion welding;

» high demands on the surface topography and plane parallelism of the welding
surfaces[1].

The diffusion welding of the glasses was carried out in a vacuum/inert gas—
high temperature furnace with an integrated vertical press capacity device
(Fig. 2). The contact pressure per unit area on the welding material remained
constant during the entire welding process. The use of a ball joint between the
plunger and the welding material has proven advantageous in order to guarantee
a close contact of the welding surfaces. This leads to an equal pressure over the
whole welding surface. A smooth heating of the whole glass volume minimizes
tensions in the glass body. The thermal finishing treatment is not necessary
(cooling process).

The diffusion welding trials of quartz glass were carried out identically. The
surfaces to be joined were cleaned with a mixture of ethanol and ether (ratio
60: 40) immediately before the joining trials. Then the furnace was evacuated and
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Table 1. Characteristics of quartz glass

Qualities Parameters
Ny Ne A
1.6775 1.6899 185 nm
1.5709 1.5809 325nm
1.5482 1.5575 508 nm
1.5423 1.5513 644 nm
1.5201 1.5282 2.05pum
1.4995 1.5070 3.00 pm
Density 2.648 glem®
Transformation temperature T, 1100-1120°C
Softening temperature 1655°C
Therma conductivity 1.4 WI/(mK)
Specia heat capacity 787 J(kg K) at 25°C
Thermal expansion a 5x 107/K
Hardness (Knoop) 461 at 200 gf, 741 at 500 gf proof load
Elasticity modulus E 76.5GPa_| Y,97.2GPa|Y
Shear modulus G 36.4 GPa/57.13 GPa
Solubility in water Insoluble
Crystalline structure Monocrystal
€] (b)
plunger
ball joint
quartz glass
TT—
base plate

Fig. 2. Diffusion welding equipment (a) and scheme of compression loading of the to be joined
quartz glass parts (b).

after reaching a fore-vacuum of about 10" mbar, the respective temperature-
time-force parameters (welding parameters) previously programmed via software
were started automatically. Generally the temperature cycle of the regime can be
divided into three phases:

» heating phase;

» welding phase with ongoing diffusion processes,

e cooling phase.
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Table 2. Diffusion welding parameters of quartz glass

No of the | Welding temperature, | Welding time,
experiment °C h

800

900
1000
1050
1100
1100
1100
1100

O~NO U~ WNPF
NEFEPONNNNN

e

Based on the theoretical considerations of solid body reactions on pure
SiO,-glass surfaces, welding was carried out and analysed in a temperature range
of 800°C near the transformation temperature of the quartz glass (1100°C) with
welding pressure 2000 N. The welding times were varied, but the welding pressure
remained constant 10 mbar (Table2). In the heating phase the evacuated and
compression-loaded samples were heated to the respective welding temperature
with a medium heating gradient of <10 K/min. The samples to be joined were kept
at the welding temperature over a defined time interval after which the formation
of the joint happened. The cooling phase started immediately after the welding
phase with an average cooling rate of <10 K/min down to the room temperature.

The quality of the welding joint formation was visually checked. If the joint
was not completely formed, Newton rings could be recognized in the glass joint.
For measuring the transmission and stress birefringence in transparent joints, a
multi-purpose epitaxial in-situ monitor EpiRAS-Mapper was used. The local
internal transmission, the stress-induced phase shift and the direction of the
relative strain were measured.

To estimate the optical properties of diffusion welded quartz glass joints, trans-
mission and reflection of them were studied using optical spectrometer in the low
infrared range (FIR, number of waves 400-10 cm ™, wavelength 25-1000 pm).

3.RESULTS AND DISCUSSION

By visual examination of welded joints the Newton rings are visible. They
occur due to the interference of light reflected from the welded surfaces, due to
the gap between the welding surfaces in the nm range (Fig. 3). The results of
visual examination are given in Table 3.

In further joining trials, by diffusion welding of the quartz glass in the range
of the transformation temperature (T, = 1100°C) and at welding pressure 2000 N,
welding time was varied. Ultrasonic investigations were carried out at welding
times 2, 6, 11 and 12 h (Fig. 4). The ultrasonic images show the quality of the
joint formation depending on the welding time. After 6 h only partia jointsin the
border area were recognizable. The relatively weak bonding mechanisms are
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Fig. 1. Topography of a polished quartz glass surface.

Newton rings

Fig. 3. Example of awelded joint with Newton rings.
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Fig. 4. Ultrasonic scans of the joints at the welding time: a— 6 h, b—11 h and c—12 h at awelding
temperature of 1100°C.

(b)

Fig. 6. Optica behaviour of the quartz glassjoint: a— transmission, b — texture rose.
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Table 3. Diffusion welding results of quartz glass

No of the experiment Welding result

1 Nojoint
No joint
No joint
Newton rings
Newton rings
Newton rings
Optimal joint
Optimal joint

O~NOOTRAWN

mainly due to the adhesion and mechanical anchorage and simultaneously reduce
the stability of the joint. The prolongation of the welding time led to more
homogeneous welding surfaces. An extensive formation of clusters was observed
depending on the welding time as described in the theory of the joining
mechanism. The result was a substance-to-substance joint.

Investigations with a scanning electron microscope illustrate the result more
clearly. Welding samples were investigated for welding times of 2 and 12 h
(Fig. 5). Figure 5a shows an incomplete and only partially formed joining zone,
whereas in Figure 5b a complete, crack-free and homogeneous joining zone can
be seen. The boundary layer has completely vanished and a compact quartz glass
body has formed.

With diffusion-welded materials, the joining layer is a discontinuity in the
material structure. It is characterized by a deviant optical behaviour compared
with the non-welded material. The transmission or the stress birefringence in the
whole joining area determine the degree of homogeneity of the welded joint.
Optimally joined areas are expected to show only low transmission losses,
whereas non-welded or badly joined areas are characterized by higher intensity
losses due to reflection and light scattering. A diffusion-welded quartz glassjoint
was investigated (joining area @ =20 mm, thickness 10 mm). Figure 6 shows

@ (b)

diffusion
welding
area

Fig. 5. SEM images of the joining zone at the welding time: a—2h, b—12h at a welding
temperature of 1100°C.
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that the central area has been welded well and the quality of welding becomes
worse towards the edge region.

The central area shows uniform transmission. The joint in the edge region is
worse. RED represents 100%, whereas GREEN indicates 75% of transmission
(Fig. 6a). Fine structures in the edge region are characterized by the Newton
rings. The reason for the joining that is worse in the edge region is trimming,
which is typical for optical surfaces. This explanation is supported by the very
symmetrical and even shape. The directions preferred are hardly recognizable in
the texture rose (Fig. 6b). This is typical for a homogeneously cooled glass.
Measurement of the transmission and reflection of a welded quartz glass joint
also prove this result (Fig. 7). Hardly deviating reflection or diffusion losses
could be detected in the measured wavelength range. The small differencesin the
transmission graph (1st joining) of 50 to 2200 nm are due to the greater thickness
of the reference sample.

Figure 8 shows an example of a diffusion-welded component for optical
precision engineering.
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Fig. 7. Transmission graph of quartz glassjoints.

Fig. 8. Diffusion-welded quartz glass component of an optical system.
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4. CONCLUSIONS

The procedure to be applied for the substance-to-substance joining of glass
was investigated. Pure SIO, glass (quartz glass) was tested for this purpose.
Welding trials have shown that substance-to-substance joints can be realized at
near-transformation temperature depending on the welding times. The reason for
that is an increased polymerization of neighbouring Si,O, structures at a
temperature above 900°C. An optical thin joining layer is formed between the
welding surfaces by the formation of high-molecular Si,O, clusters without OH
surface groups and by complete transformation of the silanol groups. Investiga-
tions with a scanning electron microscope as well as optical measurements on the
guartz glass joints have proved the result. A substance-to-substance joint could
be realized, which does not differ from the initial glass in terms of its qualities.
The result is a high-quality material joint. High stability and vacuum tightnessin
the ultra-high vacuum range could be proven. No deformation of glass was
observed at diffusion welding at the transformation temperature. The long weld-
ing time of up to 12 h guarantees low stress in the material. The results of the
investigations were used in concrete applications.

In future, diffusion welding is prospective to be applied to other glasses, glass
ceramics and crystals. First investigations of the welding of borosilicate glasses
and low-expansion glass ceramics (Ceran or Zerodur) were successful. The
investigations have shown that glasses, consisting of several chemical
components, reduce the welding time drastically. Further investigations on the
joint formation have to be carried out and analysed.
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Kvartsklaas difusioonliitmine

Steffen Dahms, Priit Kulu, Renno Veinthal, Ursula Basler
ja Sabine Sandig

Artiklis on vaatluse al kvartsklaasi difusioonkeevitus. Difusioonkeevitatud
kvartsklaastooted leiavad kasutamist korgetemperatuurses lasertehnikas ja opti-
kas. Kvartsklaasist detailid Uhendati ilma vahekihtideta, sdilitamaks saadaval liite
pohilised optilised néitgjad. Tulenevalt puhta raniklaasi liidete formeerumise
pohimétetest tardolekus uuriti kvartsklaasi difusioonliitmistehnoloogiat ja saa-
dava liite omadusi. Difusioonkeevitus viidi |8bi faasimuutuse temperatuurile
(klaasi stumistemperatuurile 1100-1120°C) |dhedastel temperatuuridel, mis tagas
kiire polumerisatsiooni ja 6hukese optilise liitekihi moodustumise.
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