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Preparation of coloured silica glasses made by sintering of
particulate gels')
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Large pieces of silica glass can be easily made by sintering particulate gels prepared from fumed silica powders. These compacts
can be doped by soaking with alcoholic solutions of salts of a large variety of colouring ions of the transition and rare earth
elements. As the sintering of the compacts in a zone furnace with a silica glass tube inside is not restricted with respect to the
atmospheres, higher states of valence of the dopants with additional colours can be achieved under oxidizing conditions in contrast to
the conventional melting of silica glass in crucibles of molybdenum or tungsten which have to be operated under reducing conditions.

In reducing sintering atmospheres red copper and gold ruby glasses can be prepared. Therefore, it is favourable to prepare
compacts with smaller particles which show also smaller pores. The mechanism of the formation of the colloidal metal particles is
not yet clear and needs further investigations.

Herstellung von farbigen Kieselgléasern durch Sintern von Gelen aus Kieselglaspartikeln

GrofBe Kieselglasteile konnen auf einfache Weise aus Formkorpern gesintert werden, die aus Gelen von pyrogenen Kieselsdurepulvern
hergestellt wurden. Diese Formkorper lassen sich durch Tranken mit alkoholischen Salzlgsungen mit einer Vielzahl von farbenden
Ionen der Nebengruppenelemente und der Seltenen Erden dotieren. Da die Sinterung der Formkorper in einem Zonenofen mit einem
Arbeitsrohr aus Kieselglas keinerlei Einschrinkungen in den Sinteratmosphéren unterliegt, kdnnen im Vergleich zur konventionellen
Schmelze, die wegen der Molybdan- oder Wolframtiegel unter reduzierenden Bedingungen erfolgen muB}, auch die hoheren Oxida-
tionsstufen unter oxidierenden Bedingungen und damit andere Farben erreicht werden.

Unter reduzierenden Sinterbedingungen lassen sich rote Kupfer- und Goldrubingléser herstellen, wobei es vorteilhaft ist, einen

Formkorper aus feineren Teilchen mit kleineren Poren zu verwenden. Der Bildungsmechanismus der Metallkolloide im gesinterten
Kieselglas bedarf noch weiterer Untersuchungen.

1. Introduction New techniques for the preparation of silica glass
like gas phase deposition, sol-gel methods, and powder
technological processing of submicron particles (e.g.
fumed silica glass powders) gave new impacts to the
colouration of silica glasses. The gas phase deposition
was developed for the preparation of ultrahigh-purity
silica glass for optical fibres. Therefore, impurities like
the transition elements which are efficient colouring sub-
stances had to be reduced to the ppb level [3] and only
laser-active dopants were of technical interest [4].
Coloured silica glasses were prepared by the sol-gel pro-
cess like films doped with transition elements [S to 7],
gold ruby glasses [8 and 9], or CdS-Se microcrystal dop-
ants [10 and 11] with interesting nonlinear optical prop-
erties.

Although colouring of soda—lime glass has a long tradi-
tion for technical and artistic applications, it is still a
complex process because reactions between different
glass components during melting might occur leading to
a large variety of colours [1]. In contrast to these multi-
component technical glasses the colouring of silica glass
which opens new applications in the high-temperature
range seems to be less complicated because the number
of components can be reduced down to two compo-
nents. On the other hand, temperatures around 2000 °C
are required for the melting of silica glass. This can only
be done in high-temperature materials like molybdenum
and tungsten crucibles in inert or reducing atmospheres.
This is a restriction to the variety of colours for specific

dopings. Nevertheless, all colours from blue to red could
be achieved by addition of at least one further compo-
nent by electric melting [2].
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1) Presented in German at the 66th Annual Meeting of the Ger-
man Society of Glass Technology (DGG) on May 27, 1992 in
Fulda (Germany).

In contrast to sol-gel methods starting from alkox-
ides large pieces of silica glasses can be easily prepared
with standard laboratory equipment by sintering com-
pacts of fumed silica powders [12 and 13]. On the other
hand, the large variety of dopants and modifications of
the alkoxide based sol-gel route which led to the synthe-
sis of new materials [14] cannot be reached with the
powder technological processing of fumed silica powders
because the gas phase deposition of doped particles is
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Table 1. Starting materials used for doping

element compound element compound
\' VC13 Re RCC15
Cr Cr(NO3)3 Pt PtC13
Fe FeCly Au AuCly
Co COC12
Ni NiCl, Ce CeCl;, Ce(NO»);
Cu CuClz Pr Pr(NO3)3
Nd NdCl;, Nd(NO3);
Ru RuCl,4 Sm SmCl,
Rh RhCl Eu EuCl,
Ag AgNO, Er ErCls, Er(NO;),
W WCl,

still a problem. Until now only pure powders like silica,
alumina, titania or zirconia made via flame hydrolysis
are commercially available at this moment. Further pro-
blems arise during processing of multicomponent pow-
ders or mixtures of different powders due to their differ-
ence in colloidal chemical behaviour which leads to un-
stable suspensions and, consequently, to inhomoge-
neous compacts.

Hence a new concept is needed for the doping of
silica glasses prepared via sintering of fumed silica pow-
ders. According to the well-established doping tech-
niques of gas phase deposited compacts for optical fibres
like the solution method [15 and 16] or gas phase doping
with fluorine [17], these infiltration techniques are also
very suitable for the doping of compacts prepared by
powder technological methods. Thus, gas phase doping
was applied for doping of fumed silica compacts to
change the refractive index (e.g. fluorine doping for clad-
ding material in optical fibres [13] or nitrogen intro-
duced as ammonia to increase the refractive index,
chemical resistance, and viscosity of the silica glass [18]).
For the colouring of silica glass with transition elements
or rare earth elements the solution method is most ap-~
propriate. Besides the soaking of the porous compact
with alcoholic solutions of salts reactive solutions of
alkoxides are suitable.

It was the objective of this work to evaluate in a first
step the potential of the preparation of coloured silica
glass pieces via a sintering technique of fumed silica
compacts and to get an idea of the mechanism of the
incorporation of the dopant into the silica glass. The col-
ouring with dopants solved as ions in the silica glass
should be similar to technical glasses where the colour
of the doping medium depends on the state of valence
and the coordination number. As the sintering process
can be performed in any atmosphere from oxygen to hy-
drogen, all states of valence of the dopant should also
be achieved in sintered silica glasses in contrast to the
electrical melting where a restriction to inert or reducing
atmospheres is necessary. Furthermore, less thermally
stable doping agents like SiO,:N can be obtained via
sintering techniques due to the significantly reduced sin-
tering temperature. The coordination number of the
dopant is determined by the acidity of the silica glass

and cannot be changed in a binary system. Only the con-
centration of the dopant might influence the coordina-
tion number.

The preparation of annealing colours and ruby
colours in silica glass is also of great importance but the
mechanism of the formation of the nanoscaled in-
clusions should be completely different because these
doping agents are added via the open pores in the com-
pact and are not precipitated from the glass matrix as a
second phase.

In a second step the homogeneity of the colours and
the physical and chemical properties of the coloured sil-
ica glasses should be measured. This is beyond the scope
of this paper and will be investigated in the future.

2. Preparation of the glasses

Compacts of fumed silica powders which are finally sin-
tered to transparent silica glasses can be formed by
different methods like particulate gel casting [19 to 21],
extrusion [22], slip casting, electrophoretic deposition,
and dry pressing [13 and 23]. As the forming of particu-
late gels starting from an aqueous suspension of fumed
silica powder with a small amount of fluoride to improve
the rheological properties of the suspension is a very
simple method to prepare large-scale compacts [24], this
method was chosen to prepare the porous compacts
which were doped by the solution method. As a lot of
compounds listed in table 1 were of interest and had to
be investigated in different concentrations, a large num-
ber of samples had to be prepared in sizes which were
sufficient for optical transmission measurements. There-
fore, long rods with a diameter of 15 mm were made by
dispersing 100 g Degussa Aerosil OX 50 (Degussa AG,
Frankfurt/M. (Germany)) thoroughly in 100 ml double-
distilled water with the addition of 0.75 g ammonium-
fluoride (Merck Selectipur, E. Merck, Darmstadt (Ger-
many)) and casting the suspension in a mould of appro-
priate diameter. The next day the mould was removed
from the gelled suspension and the long rod was laid
in cotton wool to prevent cracking during drying. After
drying at room temperature for one day and at 120°C
for several hours the long rod was cut in disks 20 to
30 mm long.

These samples (green density approximately 40 %)
were doped by soaking the compact with an alcoholic
solution of the compound listed in table 1. Alcoholic so-
lutions were preferred because the surface tension of
ethanol is lower than the surface tension of water. Thus,
the risk of the formation of cracks during the second
(more rapid) drying was minimized. Beside the complete
doping of the compact it was possible to dope only a
surface layer of the compact (typically 10 to 30 s soaking
time for 2 to 3 mm doped layer). Due to the homoge-
neous pore structure of the particulate gels a well-de-
fined boundary layer was formed. Generally, the concen-
tration of the dopant in the alcoholic solution was
0.5 wt% unless stated otherwise.
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Especially at higher salt concentrations in the solu-
tion, an increasing tendency of crystallization on the sur-
face of the samples was observed, when the samples were
soaked by simply dipping them completely into the dop-
ing solution. As the surplus doping solution on the sur-
face of the sample instantly dries when the sample is
pulled out of the solution, a salt layer is formed which
causes crystallization. Therefore, all samples were
soaked via the face plate of the sample in a closed bottle.
Thus, the homogeneity of the dopant and the brightness
of the surface of the glass sample after sintering were im~
proved.

In spite of this a gradient of the doping is generally
observed because the salt moves during drying with the
solvent to the surface where the solvent evaporates. This
gradient increases at higher concentrations when the
specific absorption of the doping medium on the surface
of the fumed silica glass particles is passed over. This is
an intrinsic limit of this simple doping method which
can be improved by more sophisticated techniques like
the precipitation of the salt with a solvent exchange or
by doping with reactive alkoxides solutions. These tech-
niques are under investigation now.

After drying of the doping solution the samples were
fired in air or oxygen at 500°C for 2 h to oxidize the
doping compound. Finally, the samples were sintered in
a zone furnace (1500°C, 10 mm/min) to transparent sil-
ica glass. Generally, on the low- and medium-doped
samples no crystallization was observed. According to
the green density of the compact of approximately 40 %
the diameter of the sintered silica disks was 10 to 11 mm.

The atmosphere inside the zone furnace could be
varied from strongly oxidizing conditions (e.g. pure oxy-
gen) over inert (e.g. helium) to reducing conditions (e.g.
25 % H,/75 % N,). Thus, the state of valence of multiva-
lence dopants like transition and rare earth elements
could be systematically changed which is a significant
advantage of this method to prepare coloured silica glas-
ses.

3. Spectroscopic measurements

The optical spectra of the doped silica glasses were
measured in transmittance in the centre of the sample
with a Philips PU 8800 double beam spectrometer (Phi-
lips, Eindhoven (The Netherlands)) between 190 and
900 nm (spectral resolution of 1 nm, slit height approxi-
mately 4 mm). For this the samples were cut into disks
generally 10 mm thick and polished on the face plates.
In the following spectra the specified concentration (gen-
erally 0.5 wt% unless stated otherwise) correlates to the
concentration of the doping agent in the solution be-
cause the concentration in the sintered glass was not
measured yet. It is supposed that the doping concentra-
tion in the sintered glass is approximately 60 % (volume
fraction of the open pores inside the compact) of the
specified concentration because no sublimation during
prefiring at 500°C and sintering at 1500°C was ob-
served. The state of valence of the dopants was likewise
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Figure 1. Transmittance of a cobalt-doped silica glass (10 mm
thick) sintered under oxygen (Co**) and helium (Co?*) atmos-
phere.
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Figure 2. Transmittance of a copper-doped silica glass (10 mm
thick) sintered under oxygen (Cu?*) and helium (Cu*) atmos-
phere.

not measured but the notations seem to be evident with
respect to known states of valence of the elements and
the chemical treatment (reducing or oxidizing condi-
tions).

In figure 1 the transmittance of cobalt-doped silica
glasses sintered under inert and oxidizing atmospheres
is plotted. While Co?* shows the well-known blue col-
our, Co** leads to a bluish green colour which was not
yet reported for silica glass. When the concentration of
the CoCl, solutions was increased the colour became
more intense but no concentration-dependent change of
the coordination number was found. With a solution of
5 wt% CoCl, crystallization on the surface of the sample
was observed during sintering. A similar increase of the
absorption for a higher state of valence in the blue spec-
tral region was measured for copper dopings which led
to a yellow colour of the Cu?*-doped silica glass shown
in figure 2. Only a weak absorption band at 800 nm
gives an indication that at higher concentrations of the
dopant a blue colour might appear which is generally
reported for copper-doped soda—lime glass melted un-
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Figure 3. Transmittance of a vanadium-doped silica glass
(10 mm thick) sintered under oxygen (V°*) and helium (V3*)
atmosphere.
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Figure 4. Transmittance of an iron-doped silica glass (10 mm
thick) sintered under oxygen (Fe’*) and helium (Fe®*) atmos-
phere.
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Figure 5. Transmittance of a Cr**-doped silica glass (10 mm
thick).

der oxidizing conditions. The Cu*-doped silica glass is
colourless.

In vanadium-doped silica glass a deep blue colour
was observed for the lower state of valence (figure 3).
The relatively low transmittance of the V°*-doped silica
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Figure 6. Transmittance of a Ni**-doped silica glass (10 mm
thick).

glass (smaller than 40 %) is probably caused by scatter-
ing of light on small voids because oxygen cannot diffuse
as fast as helium out of closed pores which are formed at
the final stage of sintering. This effect should be avoided
reducing the speed of the sample in the zone furnace
during sintering in oxygen.

Although iron impurities lead to green or blue-green
colours of soda—lime glasses (dependent on the
Fe?*/Fe** ratio) no significant colours could be ob-
tained with iron-doped silica glasses shown in figure 4.
There is only a slight indication for an increase at the
long-wavelength side of the Fe?* spectra due to the char-
acteristic 1040 nm absorption band of Fe>* dopings. At
FeCl; concentrations in the doping solution of more
than 0.5 wt% the solubility of the iron dopant in the
silica glass network was passed over and colloidal iron
oxide was precipitated with a black colour under inert
and a rust-red colour under oxidizing sintering condi-
tions.

The spectra of chromium and nickel dopants in silica
glass are plotted in figures 5 and 6, respectively. While
the Cr** doping showed the characteristic green colour,
the Ni?* doping led to a pale brown colour. The colours
were not influenced by the sintering conditions. Thus,
no different states of valence could be achieved.

From all dopants investigated up till now vanadium
showed the deepest colours and the highest solubility in
a binary system with silica. In figure 7 the spectra of
different V3*-doped silica glasses are plotted.

Under strongly reducing conditions mostly all dop-
ings of the transition elements and salts of noble metals
were completely reduced to metal colloids giving intense
grey or brownish colours. Some examples are shown in
figure 8. In contrast to the former samples these spectra
were measured on thin disks of 1 mm.

Following this direction the possibility of preparing
gold ruby silica glasses via a sintering technique was eva-
luated. As in compacts made from Aerosil OX 50 (parti-
cle size 10 to 100 nm) only dull aventurine-red colours
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Figure 7. Transmittance of a V3*-doped silica glass (10 mm
thick) soaked with alcoholic solutions with different salt con-
centrations (0.5 wt%, 2 wt%, 5 wt%).

could be obtained, the pore size in the samples was de-
creased by preparing a compact of Aerosil A380 (parti-
cle size 7nm) which was made by dry pressing of the
powder. Thus, a silica glass disk was sintered, the com-
pact being soaked in a 0.05 wt% AuCl; solution which
showed locally different bright colours varying from
ruby-red to violet-blue. The corresponding spectra are
shown in figure 9.

It is supposed that the shape of the colloidal gold
particles depends on the size of the pores in the silica
glass compact. The shape of the pores in the stage when
the pores are closed during sintering should have the
highest influence. In dry-pressed compacts of Aerosil
A380 larger inhomogeneities of the pore structure can
be expected due to this simple forming technique where
agglomerates are not efficiently reduced during pressing.
Therefore, the size and shape of the colloidal gold parti-
cles should also vary which leads to changes in colours.

As the mechanism of forming colloidal gold particles
in sintered silica glass is expected to be completely differ-
ent to the standard ruby glasses (alkali—lead—silicate
glasses), further investigations are necessary. Presently,
the sintered silica ruby glasses are examined in respect
to the size of the colloidal gold particles and their
growth mechanism.

4. Conclusions

The sintering of compacts of fumed silica powder is a
convenient method for studying coloured silica glasses
because a large number of compacts can be easily doped
by soaking with different alcoholic solutions of the col-
ouring ions. According to the soda—lime glasses the
transition and rare earth elements are also very suitable
for colouring silica glass when the dopants should be
solved in the silica glass. Similarly, dopings of salts of
noble metals are leading to ruby glasses when the com-
pacts are sintered under reducing conditions.
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Figure 8. Transmittance of cobalt-, platinum-, and rhodium-
doped silica glasses (1 mm thick) sintered under reducing condi-
tions (Hp/N,).
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Figure 9. Transmittance of a gold-doped silica glass (1 mm
thick) sintered under reducing conditions (H»/N,).

All colouring dopants investigated in particulate gels
up till now are listed in table 2 with their apparent col-
our and estimated state of valence. Besides these ele-
ments dopings of Er**, Eu**, Nd**, Ni2*, Mn2*, Ru3™,
Sm3*, Fe?*, Re3* and Ag were studied which cannot be
directly attached to the apparent colours in table 2. As
the sintering of the doped compacts can be performed
in atmospheres extending from reducing to oxidizing
conditions in contrast to the electrical melting of silica
glass which is restricted to inert or reducing atmos-
pheres, a larger variety of coloured silica glasses can be
obtained by the sintering method.

Table 2. Apparent colours of doped silica glass prepared via
soaking the porous compact with alcoholic solutions (typical
0.5 to 5 wt%)

UVv: V3, Weét Ti*t, Ce*™, Ce*t, Fe3 ™

blue: Co?*, V3*, Ti3t

green: Cr3*, Co**

yellow: Cu?*

red: Au, Cu (especially compacts with smallest pores)

grey:

Co, Pt, Rh, W
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The solubility of these dopants in silica glass in a
binary system is generally less than 1 wt%. Especially for
doping agents with rare earth elements it seems to be
appropriate to add alumina as a third component to in-
crease the solubility of the dopant. Thus, it is expected
that the dopants listed in the foregoing paragraph which
showed no specific colour up till now might also give
interesting colours. Further colours might appear by
lowering the state of valence of rare earth elements (like
Sm3* — Sm?") which should be achieved by stronger
reducing conditions during sintering. On the other hand,
the doping media with transition elements should be
oxidized to a higher state of valence (like Mn?* — Mn3*
or Mn**).

The first results obtained for gold ruby silica glasses
sintered from compacts of Degussa Aerosil A380 are
also encouraging. It is supposed that the shape of the
colloidal metal particles correlates to the shape of the
closed pores. Therefore, further investigations will be fo-
cussed on the mechanism of formation of the colloidal
metal particles and more generally, on all two-phase
dopants of bulk silica glass.
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