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A new manufacturing process aims to optimize the production of fluorine-doped glass in terms of energy effi-
ciency. The green bodies are produced from nanoscale powders in a wet-chemical process and sintered at low
temperatures in a fluorine-containing atmosphere. The green body composition and the sintering parameters
such as gas atmosphere, temperature and feed rate are important for the resulting fluorine concentration and
glass formation. The subsequent hot isostatic pressing leads to complete compaction of the sintered bodies and

the associated increased transmission. By recompressing the samples, the sintering temperature can be lowered,
thereby reducing the defluorination process at high sintering temperatures.

1. Introduction

In recent decades, the fluorination of glass has opened up a wide
range of applications, for example in medical technology, spectroscopy
and telecommunications. They are also frequently used in fiber lasers
due to the high transmittable power [1-4]. When used in optical fibers,
fluorination can ensure high numerical apertures. This makes it possible
to use it as a minimally invasive surgical method in the medical tech-
nology, as the high numerical apertures enable a reduction in fiber
diameter [4,5]. In addition, fluorine-doped glasses exhibit very good
optical properties. The theoretical attenuation is 0.01 dB-km ' between
2 um and 3 um [1] In conventional vapor phase deposition systems, the
fluorination is limited by the high process temperatures of over 2000 °C
and the long process times [2,6].

The new Vi-Si-HIP process route is therefore required, which com-
bines the viscous sintering (Vi-Si) of green bodies made of nanoscale
SiO5 powders in fluorine-containing gas atmospheres with subsequent
post-compaction of the sintered bodies to form transparent, bubble-free
glass bodies. The compaction is achieved by hot isostatic pressing of the
sintered bodies in an inert gas atmosphere. Through the subsequent
post-compaction, the sintering temperatures can be reduced to 1480 °C,
which is a significant reduction compared to conventional production
methods. The fluorination of the sintered body can be achieved by gas-
phase fluorination during sintering. The fluorine species and the fluorine
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gas concentration are important factors.
The use of SFg gas in the sintering of SiO, bodies leads via

SFe(g) + 3/2 SiOa(s) — 3/2 SiF4(g) + SO3(g)
to the formation of SiF4 gas, which can be used via
3 8i02(s) + SiF4(g) S 4 O3/2SiF(s)

for the fluorination of the sintered body. The doping consists of a
simultaneous process of fluorination and defluorination, which is also
influenced by the process time and temperature [7-9].

The research focused on the production of fluorine-doped silica
bodies using the innovative Vi-Si-HIP process route. Initially, green
bodies with high densities and low porosities were produced via cast
molding. The dispersions consisted of nanoscale SiO powders and
ammonium fluoride solution. The green bodies were then sintered in a
tubular flow reactor under different gas atmospheres. The influence of
gas phase fluorination was investigated. The sintered bodies were then
hot isostatically pressed to achieve and confirm a reduction of bubbles in
the glass.

2. Material and methods

Fig. 1 provides an overview of the process route. The molded bodies
were obtained wet-chemically from nanoscale silica powder via casting
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Fig. 1. Overview of the process route Vi-Si-HIP.

Table 1
Details of the dispersion post-treatment.

Post-treatment Details

Sieving Screen mesh SEFAR ® PET 1500 (Sefar AG), mesh size of 151 pm

Vacuum Vacuum dissolver LDV-1 (PC Laborsystem GmbH) with a
dispersing vacuum of —0.93 bar during dispersion for 10 min

Ultrasonic ultrasonic sonotrode BRANSON Digital Sonifier ® W-450 D (G.
treatment Heinemann Ultraschall- und Labortechnik, maximum power:

400 W) with an amplitude of 30 % and a pulse and pause time of
0.5 s each for 10 min

process. They were then compacted into a bubble-free SiO; glass body
via zone sintering and subsequent hot isostatic pressing. The individual
process steps are explained in more detail below.

2.1. Sample preparation

The green bodies were produced by dispersing the nanoscale SiOy
powder AEROSIL® OX50 (CAS: 112,945-52-5, Evonik Operations
GmbH) in water with ammonium fluoride (NH4F, CAS: 12,125-01-08,
Sigma-Aldrich Chemie GmbH). The powder was stirred into the H,O/
NH4F medium using the dissolver (Dispermat® N1, VMA-GETZMANN
GmbH). The dispersion time was 10 min and was carried out under
ice bath cooling. The dispersion has an NH4F content of 0.38 ma. % and
a filling grade of 50 ma. %.

In order to generate homogeneous green bodies with low porosity,
further post-treatments of the dispersions were investigated in addition
to dispersion. For this purpose, vacuum and ultrasonic treatment as well
as sieving of the dispersion were carried out, see Table 1.

The casting was carried out in Teflon molds. After 24 h, the molds
were demolded and dried in the digestorium under room conditions
until the mass was constant.

2.2. Sample fluorination and sintering

The green bodies were sintered in a tubular flow reactor up to 1480
°C. The green body was moved through the furnace from top to bottom
at a feed rate of 2.5 mmemin~! to 10 mmemin~! . An additional gas
atmosphere of SFg and Ny was used to realize gas phase fluorination.
Holding the sample in the hot zone for 3 h was also investigated. The
fluorination and the sintering process were decisive.

2.3. Hot isostatic pressing

Post-compaction of pre-sintered OX50 samples was carried out using
hot isostatic pressing (HIP). The OX50 sample was pre-sintered at 1480
°C with a feed rate of 10 mmemin~! in the tubular flow reactor. As a
result, the pre-sintered sample still had some bubbles. The HIP process
was designed to eliminate these bubbles. The process was carried out at
Bodycote Specialist Technologies GmbH at a temperature of 1300 °C +
10 K and a pressure of 100 MPa + 5 MPa under intert gas argon. The
heating and cooling rate was 10 K-min~! and the holding time 180 min
+ 15 min.

The inert gas exerts uniform, isostatic pressure on the glass. The
temperature is set at a level that makes the glass viscous enough to
eliminate bubbles, but does not cause deformation. After an optimized
holding time, the pressure and temperature are slowly reduced. The
result is defect-free, more homogeneous glass suitable for optical ap-
plications [10].

2.4. Sample characterization and analysis

The density, porosity and mean pore radius of the green bodies were
determined using the Archimedes density method and the mercury
porosity (porosimeter Pascal 440, Porotec, Germany).

Using the scanning electron microscope (SEM) Zeiss Sigma VP FEG-
SEM at the Department of Materials Science and Methods (Saarland
University), the sintered bodies could be examined topologically. Using
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Table 2
Density, porosity and mean pore radius of the green bodies, produced by
dispersion with different post-treatment methods.

Dispersion post- Archimedes Mercury porosimetry
treatment p/gem p/ Porosity / Average pore
g-cm ™ % radius / nm
None 1.141 + 0.885 + 64.733 + 31.379 +
0.007 0.012 1.051 0.631
Sieving 0.870 + 0.803 + 59.335 + 32,473 £
0.007 0.035 0.071 0.170
Vacuum 0.886 + 0.828 + 58.258 & 32.256 &+
dispersing 0.011 0.039 1.138 0.254
Vacuum 0.881 + 0.838 + 59.459 + 31.863 +
dispersing + 0.006 0.029 0.710 0.239
Sieving
Ultrasonic 0.930 + 0.864 + 56.837 + 30.678 +
treatment 0.007 0016 0.897 0.268
Ultrasonic 0.953 + 0.897 + 57.309 + 29.227 +
treatment + 0.010 0.007 1.103 0.487
sieving

the Oxford Instruments EBSD/EDS system, EDX spectra of the sintered
bodies could also be recorded. Due to the low quantification accuracy of
elements with atomic numbers below 10, the measurement of the
fluorine concentration is evaluated critically [11], but can nevertheless
give an indication of the sintering conditions.

The transmission of the OX50 samples before and after the HIP
process was determined using UV/VIS spectroscopy (UV/Vis-NIR spec-
trometer Varian Cary 5E, Agilent Technologies).
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3. Results and discussion
3.1. Dispersion preparation and green body characterization

The different preparation methods of the dispersions made it possible
to achieve different densities, porosities and average pore radii in the
green bodies, see Table 2. High densities and low porosities are crucial
for improved sintering.

Without additional post-treatment of the samples, the green bodies
had a density of 1.14 g-cm ™~ (Archimedes), the porosity was approx. 65
% and the average pore radius was approx. 31 nm. The additional
dispersion preparation with ultrasound and sieve made it possible to
achieve reduced porosity (57 %) with relatively high density (0.95
g-cm ™). The average pore radius was also reduced to approx. 29 nm.
The vacuum treatment resulted in low densities and no reduction of the
mean pore radii.

The deviation in density values between Archimedes’ density
determination and mercury porosimetry is due to the different mea-
surement methods. Density determination using mercury porosimetry is
less accurate, as it only determines the volume of pores accessible to
mercury, i.e., connected and open pores, while closed pores and the
actual total volume of the solid are not recorded. In addition, the
assumption of ideally cylindrical pores is made. The Archimedes
method, on the other hand, determines the apparent density, since the
total volume, including all pores, is related to the mass due to the
coating of the porous green body. The higher porosity and higher density
measured using Archimedes’ principle in the green bodies without
additional processing methods can also be explained by the different
measurement methods and the resulting measurement uncertainties.

(d)

(e)

®

Fig. 2. Molded body after sintering at 1480 °C and a feed rate of 5 mm-min~': dispersion preparation (a) without post-treatment, (b) with sieving, (c) with vacuum
dispersing, (d) with vacuum dispersing and sieving, (e) with ultrasonic treatment, (f) with ultrasonic treatment and sieving.
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Table 3
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Cross-sections of the sintered bodies under different sintering conditions and sintering temperatures.

Sintering conditions Gas atmosphere 1200 °C

1400 °C

3h 5 ml,-min~! SFe, 50 ml,-min~' Ny

1

2.5 mm-min~ 5 ml,-min~! SFe, 50 ml,-min~' N,

50 ml, - min~—! N,

] E

(@)

(b) - 100 pm

Fig. 3. SEM images of the molded bodies sintered under fluorine-containing
furnace atmospheres at 1400 °C: (a) holding time 3 h, (b) feed rate

2.5 mm-min~.

The presence of large pores or cavities on the sample surface can also
lead to measurement errors, especially in mercury porosimetry.

The reduced porosity and the small average pore radii should also
improve the sintering result. The green bodies were therefore sintered at
1480 °C and a feed rate of 5 mm-min~"! in the tubular flow reactor under
a nitrogen atmosphere. The sintered moldings can be seen in Fig. 2.

The previous findings are supported by the sintering results. Low
densities and high porosities lead to bubble-rich sintered bodies, see
Fig. 2(b). Whereas a reduced porosity leads to transparent glass bodies.
According to mercury porosimetry, the green body of sample 2 (a) has

Table 4

EDX analysis of the sintered moldings under different sintering conditions and
gas atmospheres in the flow reactor.

T/ Sintering Gas atmosphere Fluorine concentration
C condition Ny / SFe / / ma.- %
ml,-min ! ml,-min !
1400 2.5mmmin~' 50 0 0.15 £ 0.08
0.19 + 0.08
5 0.55 + 0.08
0.51 + 0.08
3h 5 0.50 = 0.08
0.28 £ 0.08
1300 2.5mmmin~' 50 0 0.28 =+ 0.09
0.26 = 0.10
5 0.79 = 0.08
0.73 + 0.08
3h 5 1.01 £+ 0.09
0.80 = 0.09
1200 2.5mmmin~' 50 0 0.16 =+ 0.08
0.14 £ 0.08
5 0.61 + 0.08
0.49 = 0.08
3h 5 1.24 £ 0.09
1.60 + 0.09

the highest porosity. However, this is not confirmed by visual inspec-
tion, which in turn explains a possible incorrect porosity measurement
due to high open porosity. The higher density according to Archimedes
also indicates bubble-free compaction of the green body during sintering
and the associated transparency of the sample. In addition, the surface of
the samples is not polished, which explains the partially poorer
appearance of some areas of the samples.

3.2. Sintering results

Due to the influence of the sintering temperature, feed rate and
holding time as well as the gas atmosphere in the furnace, different
sintering results of the molded parts could be achieved, see Table 3.

The increasing sintering temperature and the associated higher en-
ergy input increase the diffusion processes and viscous flow, thereby
accelerating the sintering process [12,13]. At 1200 °C, the samples are
not yet vitrified; vitrification of the center of the sample was only ach-
ieved by holding it in the hot zone for 3 hours. With a holding time of 3 h
at 1400 °C, the sample again shows more bubbles than at 1300 °C. This
could be due to defluorination of the sample and the associated bubble
formation. The samples with a feed rate of 2.5 mm-min~! exhibit
different sintering behavior due to the gas atmosphere. Sintering was
improved by the low fluorine-containing furnace atmosphere, resulting
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(a) (b)

Fig. 4. The OX50-samples before (a) and after (b) the hot isostatic pressing.

in a bubble-free sintered body at 1400 °C. In a pure nitrogen atmo-
sphere, however, there are still some bubbles in the sintered body. Fig. 3
shows the SEM images of the molded bodies sintered under a
fluorine-containing atmosphere at 1400 °C. The bubbles of the samples
held at 3 h are clearly visible, whereas the sample with a feed rate of 2.5
mm-min~' only shows very isolated bubbles.

In addition, EDX analyses of the sintered bodies were carried out to
investigate the influence of gas-phase fluorination and the sintering
conditions on the fluorine concentration. The fluorine concentration of
the EDX analyses are listed in Table 4.

(a)

(b)

Open Ceramics 23 (2025) 100834

When holding the sample in the hot zone, the highest fluorine con-
centrations were reached at 1200 °C with approx. 1.60 ma.- %. As the
temperature increases, the fluorine concentration decreases again and
defluorination predominates. In the samples with a feed rate of 2.5
mm-min~?, the samples at 1300 °C show the highest fluorine concen-
trations. This means that the stronger influence of defluorination can
only be detected at 1400 °C when the sample is moved in the furnace.
The fluorine-containing atmosphere in the furnace significantly in-
creases the fluorine concentration in all samples. A high fluorine gas
concentration is therefore important during the sintering of the samples,
but fluorine corrosion and safety must be taken into account.

3.3. Hot isostatic pressing

Fig. 4 shows the OX50 sample before (a) and after (b) the hot
isostatic pressing. The HIP process greatly reduced and eliminated the
bubbles that were previously clearly visible. Only individual bubbles are
still visible. This can also be seen in the light microscope images in
Fig. 5. The bubble density has been greatly reduced. As not all bubbles
have been completely removed, the process conditions for HIP must be
adjusted.

To confirm the optical impression, transmission spectra in the range
from 400 nm to 800 nm of the samples were recorded with the UV-VIS
spectrometer, see Fig. 6.

Fig. 5. Light microscopic images of the samples OX50-samples before (a) and after (b) the hot isostatic pressing with multifocus.
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Fig. 6. UV-VIS-spectra of the OX50 samples before and after hot isostatic pressing and the silica glass Qsil PH300.

The significant increase in transmission from approx. 67 % before the
HIP process to approx. 86 % after the HIP process at 800 nm can be seen.
As a reference, a transmission spectrum of the silica glass PH300 (QSIL
GmbH) was also recorded. The reference sample has a transmission of
approx. 88 %. Thus, the conditions of hot isostatic pressing are not yet
optimal, but already lead to a strong bubble reduction and thus to a
transmission increase of 19 % and a transmission that is only 2 % below
the reference sample.

4. Conclusions

Optimized dispersion preparation with ultrasonic post-treatment and
sieving of the dispersions enables green bodies with high densities and
low porosities to be produced. This enables transparent sintering of the
green bodies in the tubular flow reactor at temperatures as low as 1480
°C. By combining this with gas phase fluorination with SFe, additional
fluorination of the sintered bodies can be achieved. The achievable
fluorine concentration depends on the sintering temperature and the
sintering conditions. The defluorination process increases with
increasing sintering temperature and leads to a reduction in the fluorine
concentration in the sample. Hot isostatic pressing enables complete
compaction of the sintered bodies, which leads to an increase in the
transmission of the samples. This makes it possible to carry out fluori-
nation and sintering of the bodies at lower temperatures and then ach-
ieve complete compaction through the HIP process.
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