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1. INTRODUCTION

1.1. The structure of glass

For an understanding of the structure of glass it is very important to know
the coordination numbers and type of bonding of the atoms. These coordination
numbers and type of bonding are primarily determined by the kind of atoms
present. Differences in the structure of glasses also mean differences in their
physical and chemical properties. Thus, for a better understanding and even in
order to predict the properties of glass it is important to know the coordination
number and type of bonding of the atoms present in the glass.

Up to now a good deal is known about the structure of many glasses; how-
ever, the current impossibility to describe the structure of glasses in detail as
fine as for crystals, has led to different approaches to describe the structure.
Two main approaches may be observed, viz. the random-network hypothesis
and the crystallite hypothesis. In the random-network hypothesis it is thought
for instance that the SiO, tetrahedra in vitreous silica are bonded irregularly to
each other. In the crystallite hypothesis it is suggested that in vitreous silica
submicroscopically small areas with an ordered structure are present, and are
connected to each other by areas with a disordered structure. To-day the crys-
tallite hypothesis finds but little support. On the other hand, the random-net-
work hypothesis is also in discussion. Usually it is assumed that there is a certain
short-range order in glass, somewhat similar to the order as observed in crystals
but there is a definite absence of long-range order.

For the study of the structure of crystalline solids the use of X-ray diffraction
has been of vital importance. Due to the absence of long-range order in glass,
X-ray diffraction cannot reveal the complete structure. From a historical point
of view one should say that precisely the method of X-ray diffraction revealed
the absence of long-range order in glass. By the recently developed method of
fluorescence excitation, the background scattering has been largely eliminated
and it has become possible to calculate some interatomic distances and the
number of neighbouring atoms from so called “pair-distribution” functions.
Mozzi and Warren 1) in this way showed the smallest silicon-oxygen distance
in vitreous silica to be 1:62 A and the smallest oxygen—oxygen distance to be
2:65 A, confirming earlier studies, which however had theoretical and experi-
mental limitations. These distances are close to those found in many crystalline
silicates. It was also shown that each silicon atom is tetrahedrally coordinated
by oxygen. Furthermore it was shown that the distribution of bond angles is
rather narrow compared to a completely random distribution of bond angles.
Thus the structure of vitreous silica shows something like regularity at a short
range, although there is no order beyond several units of SiO, tetrahedra.
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In multicomponent silicate glasses, X-ray-diffraction studies have shown that
the alkali ions are not uniformly distributed throughout the glass, the average
first-neighbour distance of alkali ions being considerably less than for a uni-
form distribution. This clustering of alkali ions is reminiscent of the structure
of for instance crystalline alkali disilicates. The first-neighbour distance of alkali
ions in the disilicate crystals is also considerably less than if the ions had been
distributed evenly throughout the crystal. It is therefore suggested that in certain
cases small areas in the glass have a structure somewhat similar to that of
crystals. This structure will deviate to some extent from the ideal situation,
so that the randomness at longer distance is retained.

Other experimental techniques used to study the molecular structure of glass,
for instance are infrared and Raman spectroscopy, nuclear magnetic resonance,
and measurement of viscosity, thermal expansion, electrical conduction, dielec-
tric and mechanical losses, density and refractive index. Study of the nature of
colour centres in glass by electron spin resonance and optical-absorption meas-
urements has also been very helpful in understanding the structure. Usually
these measurements are done on glasses in certain composition series. By the
systematic variation of the composition of the glasses one obtains insight into
the characteristics of certain elements.

A drawback usually encountered in the study of the structure of glass is that
one experimental technique reveals only a part of the structural characteristics
or that more than one structural model explains the experimental results. This
has made the study of the structure of glass very time-consuming. The study
of the structure of glass often results in an intelligent speculation on this
structure with the experimental evidence available.

Another factor that sometimes interferes in the study of the structure of glass
is metastable subliquidus phase separation. What is usually meant by this type
of phase separation is that composition fluctuations are present in the glass,
extending from about 5 nm to higher values. In this case both phases (or even
more than two) are glasses. It will be clear that an interpretation in terms of
molecular groups present, for instance, of viscosity measurements, may be
hampered greatly by the phenomenon of phase separation. The electron micro-
scope has been of great help in studying this phase separation in glass.

Apart from its scientific interest, the study of the structure is also of great
technological importance. To study the process of formation of glass one must
be able to characterize the intermediate product at different moments of this
process. The characterization in terms of molecular structure has been of
great help for crystalline materials. The characterization of glass in terms of the
molecular units has also been useful up to now, although it is not so far reaching
as in the crystalline materials. Knowledge on the relationship between the struc-
ture, the composition and viscosity of glass is of vital importance for the
industrial production of all kinds of glass products.



1.2. Borosilicate glasses

Borosilicate glasses are of technological interest because they have many
applications. They generally have a lower thermal expansion than soda-lime
silica glasses, have good chemical resistance, high dielectric strength and a higher
softening temperature than soda-lime silica glasses. For these reasons they are
used for laboratory glassware, household cooking ware, industrial piping, bulbs
for hot lamps and electronic tubes of high wattage such as X-ray tubes. Besides
these applications one must mention the use of barium crown glasses for optical
purposes. Furthermore, borosilicate glass plays an important role in the pro-
duction of what is known as Vycor glass. This glass contains about 96 % SiO,
and is an important substitute for fused silica. Vycor glass can be produced at
lower working temperatures than fused silica, which is of economic interest. It
is used, for instance, in projection lamps.

In spite of this technological importance, the exact glass-forming regionsand
phase relations in borosilicate glasses have not been determined as yet. Also,
the information on the molecular groups in these glasses is scattered and very
incomplete.

The system Li,0-B,0,3-8Si0, was studied by Sastry and Hummel *-3-3) and
later by Galakhov and Alekseeva *~#). In this ternary system, compositions
with less than about 20 mol % Li,O showed liquid-liquid phase separation,
compositions with more than about 33 mol % Li,O showed a strong tendency
to crystallization. Close to the boundary Li,0-B,0O; the glass-forming tend-
ency improves.

The phase relations in the system Na,0-B,0,-8i0, were studied by many
workers. The oldest work, worth citing, was done by Morey !-%). At atmos-
pheric pressure no ternary-compound formation was indicated in this ternary
diagram. In that work the fields of the binary compounds are outlined and
isotherms determined. Later Skatulla, Vogel and Wessel *~%) studied meta-
stable-phase-separation phenomena in this system. Vogel -7) studied the
structure of glass of the Vycor type, this study being extended by Kiihne
and Skatulla +-%), More-recent studies on the metastable immiscibility surface
in the system were carried out by Haller, Blackburn, Wagstaff and Charles 1-%)
and Scholes and Wilkinson *-1%). The area of glass formation of the system
Na,0-B,0,-8i0, is shown in fig. 1.1.

No ternary phase diagram of the system K,0-B.,0,-S8i0, is available.
Scattered experimental evidence suggests that the phase relations and glass-
forming region are similar to the system Na,0-B,0;-8i0,.

The phase diagram of the system CaO-B,0,-Si0, was given by Levin,
McMurdie and Hall 1-**). This system shows a large area of a stable liquid-
liquid phase separation. Phase relations and the glass-forming regions in the
system BaO-B,0,-8i0, were studied by Levin and Ugrinic 1-'2) and Hamilton,
Cleek and Graner *—'3). This system shows a large area of a stable liquid-liquid
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Fig. 1.1. The region of glass formation in the system Na,0-B,0;-8i0,.

phase separation. Glasses in this system are formed much more easily than in
the corresponding calcium-borosilicate system. For an indication of the ap-
proximate glass-forming region in the system BaO-B,0,-Si0,, see fig. 1.2.

Si0;

Ba0 B03

Fig. 1.2. The region of glass formation and region of liquid-liquid-phase separation in the
system BaO-B,0;-8i0,.

1.3. Metastable subliquidus phase separation in silicate, borate and borosilicate
glasses

Immiscibility in oxide systems may occur above or below the liquidus. The

latter is often called metastable subliquidus phase separation. Silicate melts that
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exhibit phase separation above the liquidus can be found in a certain area of
the system CaO-Si0,. Metastable subliquidus immiscibility is often found in
silicate, borate and borosilicate systems that have an s-shaped liquidus. The
phenomenon of metastable subliquidus immiscibility leads to a phase separa-
tion on a very fine scale, often only detectable by the electron microscope or
by small-angle X-ray scattering.
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Fig. 1.3. Boundary of the region of metastable subliquidus phase separation in the system
Li,O-8i0, (from Tomozawa !~14)), _
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Fig. 1.4. Boundary of the region of metastable subliquidus phase separation in the system
Na,0-8i0, {from Tomozawa et al.1~1%)),
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In the last decade it has become obvious that the understanding and inter-
pretation of many physical and chemical properties of glass has been influenced
considerably by the discovery of this metastable subliquidus phase separation
in many glasses previously thought to be homogeneous. This means too that
care must be taken in the interpretation of physical and chemical properties in
terms of structural units.

The metastable subliquidus immiscibility boundary of Li,0-Si0O, glass was
determined with small-angle X-ray scattering by Tomozawa !~14) and others
mentioned in the references in his work. This boundary is reproduced in
fig. 1.3

The same boundary in the system Na,0-SiO, was also determined with
small-angle X-ray scattering by Tomozawa, MacCrone and Herman '~*%) and
Neilson 1-6). This boundary is shown in fig. 1.4.

A recent discussion on miscibility gaps in alkali-silicate glasses was given by
Haller, Blackburn and Simmons *—17),

The boundaries of the metastable subliquidus miscibility gaps in a number
of alkali-borate systems were determined by Shaw and Uhlmann *~1%) using
electron microscopy. The boundaries of the lithium-, sodium- and potassium-
borate systems are shown in figs 1.5 to 1.7. A recent review on the boundaries
of miscibility gaps in alkali-borate systems is given by Macedo and Sim-
mons *~*?), A study of the metastable immiscibility in the system B,0;-8i0,
was made by Charles and Wagstaff 1—2%), They proposed a boundary that was
rather flat and extended across the complete binary system, cf. fig. 1.8.

Studies on metastable-subliquidus-phase-separation phenomena in the sys-
tem Na,0-B,0;-8i0, are numerous. The boundary of the immiscibility dome,
reproduced from the work of Haller, Blackburn, Wagstaff and Charles *—?),
is shown in fig. 1.9. It was determined by “opalescence” and “clearing” tech-
niques. The results indicate the existence of a three-liquid region which underlies
the immiscibility surface (cf. fig. 1.10). The reader is also referred to the work
of Scholes and Wilkinson *~*%) on this subject. A study on the metastable
region of phase separation in the system Li,O-B,0;-Si0, was made by
Galakhov and Alekseeva *—%). The results on first approximation are similar
to those of the corresponding Na,0-B,0,-Si0, system. The boundary of
this region will not be shown here because it mainly falls outside the glass-
forming region. '

An interesting study on phase-separation phenomena of BaO-B,0,-8i0,
glasses was carried out by Vogel, Schmidt and Horn 1-2*) where it was shown
that phase separation in oxide melts is a very complicated process. The phase-
separation processes may be incomplete after cooling of the melt. In this way
the phase boundaries of the micro-glass phases are not well developed and the
concentration differences do not reach the final situation.

L4
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Fig. 1.8. Predicted boundary of the region of metastable subliquidus phase separation in the
system B,03-8i0; (from Charles and Wagstaff 1-29)),

1.4. The structure of binary silicate and borate glasses

Gilass formation in the binary system Li,O-Si0, is continuous from SiO, 1o
a limiting composition with about 35 mol % Li,O. In the corresponding
Na,0-8i0, and K,0-8i0, system the limiting composition lies at about
30 mol 9 alkali oxide, The exact limiting composition depends on the experi-
mental conditions such as the size of the melt and the cooling rate.

Glass formation in the binary system CaO-SiO, goes up to about 55 mol %
CaO; however, in a large part of this area liquid-liquid phase separation pre-
vents single-phase glasses from being made. In the corresponding BaO-SiO,
system the limiting composition is about 40 mol % BaO and also in this
system liquid-liquid phase separation spoils single-phase-glass formation over
a part of this area.

In all crystalline silicates the silicon ions are coordinated by four oxygen ions.
The simplest silicate glass is vitreous silica. As pointed out in somewhat more
detail in sec. 1.1, in vitreous silica all silicon ions are also coordinated by four
oxygen ions, There is a certain distribution in the bond angles, evidenced by
X-ray analysis, which makes the structure of vitreous silica quite uniform at a
short range, but there is no order beyond several units of SiO, tetrahedra.
Various other properties of vitreous silica are also in agreement with the random-
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Fig. 1.9. Boundaries of the metastable subli-  Fig.1.10. Estimated three-phase incompatibility
quidus immiscibility dome in the system triangle of the system Na,0-B,0;-5i0, ai
Na,0-B,0:-8i0, (from Halleret al.*~%)), 600 °C (from Haller et al.*=)),

network model, for instance infrared absorption, Raman scattering, inelastic
neutron scattering and thermal behaviour.

The introduction of alkali or alkaline-earth oxide in silica leads to a breaking
up of the silicon-oxygen network. This is evidenced by the much lower viscosity
and higher thermal-expansion coefficient of these glasses compared to vitreous
silica. However, silicons remain coordinated by four oxygen ions, although part
of these oxygens will be of the non-bridging type. Thus the random network is
preserved.

X-ray-diffraction studies have shown that the alkali ions are not distributed
evenly throughout the glass. The average first-neighbour separation is much
lower than would be the case for a uniform distribution. As already discussed
in sec. 1.1 this clustering of alkali ions suggests areas with a structure that
resembles the structure of Li,O.28i0, and «-Na,O.28iO, on a small
scale, In these crystals too, the alkali distribution is not uniform. The alkali-
silicate glasses show an area of metastable subliquidus phase separation, as



evidenced primarily by electron microscopy and small-angle X-ray scattering.
Also outside this region of metastable phase separation such clustering of alkali
ions seems to persist (Milberg and Peters 1-22)),

Glass formation becomes progressively more difficult close to a composition
having about 50 mol %, Na,O or K,0. Near this composition a metasilicate
chain-like structure is assumed to exist in these glasses.

Small differences in physical and chemical properties may be observed be-

_tween lithium-silicate, sodium-silicate and potassium-silicate glasses at equal
alkali-oxide content. This is explained by differences in the bond strength of
the alkali-ion and the oxygen coordination. The coordination number of alkali
ions in glass is not very clear, in crystalline Li,O . 2 SiO, this coordination
is four (Liebau '-?%)), in a-Na,0 .2 SiO, it is five, with varying Na-O dis-
tances (Pant and Cruickshank '~%4)) and in Na,O. SiO, sodium is coor-
dinated by five oxygen ions in a distorted trigonal bipyramid (McDonald and
Cruickshank *~2%)). Of course, at least one of the ions of the oxygen coor-
dination of alkali ions in glass will be of the non-bridging type. Table 1-I
summarizes the X-ray crystallography work on alkali-silicate compounds.

The presence of alkaline-earth ions also leads to the formation of non-
bridging oxygen ions; however, in contrast to the alkali jons, in this case the
introduction of one aikaline-carth ion leads to the formation of two non-bridg-
ing ions, which will necessarily belong to the oxygen coordination of the alka-
line-earth ions. The bonding, for instance, of calcium to the network is much
stronger than in case of sodium. This is reflected in properties such as the
viscosity and thermal-expansion behaviour of the glass.

The introduction of Al,O, in alkali-silicate glass leads to a decrease in the
number of non-bridging oxygen ions and the formation of AlQ, tetrahedra,
the negative charge of these AlQ, tetrahedra being compensated by an alkali
ion. In crystalline aluminosilicates A1?* replaces an Si** ion ia a tetrahedral
position, so that aluminosilicates show structures that resembile silicate struc-
tures. It is not clear how far these structures on a small scale are retained in
aluminosilicate glasses, although it is highly probable that this is the case.

The structure and physical properties of binary borate glasses are quite dif-
ferent from the binary silicate glasses. Vitreous boron oxide is primarily built
up of boroxol rings (cf. fig. 1.12) as evidenced by Mozzi and Warren *—2%)
using the fluorescence-excitation method. Krogh-Moe '~2°) in a review of the
structure of vitreous boron oxide, concluded from the experimental evidence
available (primarily n.m.r., infrared and Raman data) that the boroxol group
is the most important group. In this six-membered boroxol ring all boron ions
are triangularly coordinated. The best fit to the experimental results of Mozzi
and Warren 172%) was to assume that, besides the linking of the boroxol
groups, a small part of the BO; units was linked randomly to the boroxol groups
and was not in boroxol rings.



TABLE 1-I

Structural units present in crystalline silicates

compound structural units present literature reference crystal structure ~ ASTM-index
Li,0.28i0, Si0, "~ units with one non-bridging oxygen Liebau'~2?%) 17-447
ion, layered with 6 SiQ, tetrahedra in a ring
«-Na, 0. 28i0, Si0, "~ units with one non-bridging oxygen Liebau~2¢), Pant and
ion, layered with 6 SiO, tetrahedra inaring  Cruickshank 1-24),
Pant *—%7)
McDonald and Cruickshank 1—25) 16-818

Na,0. 8i0,

Si0,2~ units with two non-bridging oxygen
ions, chains of tetrahedra
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The binary sodium- and potassium-borate systems show glass formation up
to nearly 40 mol % alkali oxide. The change in properties of borate glass when
alkali oxide is added is in many cases the reverse of that observed in silicate
glasses. For instance, the addition of alkali oxide leads to an increase in viscosity
and a decrease in thermal expansion compared to vitreous boron oxide. The
increase in viscosity and decrease in thermal expansion proceed up to 20 to
30 mol % alkali oxide after which the tendency is reversed and addition of
more alkali oxide leads to a decrease in viscosity and increase in thermal ex-
pansion. This behaviour is generally referred to as the boron-oxide anomaly.
This anomaly is related to the change in the coordination number of boron
from three to four when alkali oxide is added. This coordination change is
clearly indicated by nuclear-magnetic-resonance spectroscopy. Bray and
O'Keefe 1-3%) determined the fraction of tetrahedrally coordinated boron ions in
alkali-borate glasses by this method. This fraction, usually called ¥, is shown in
fig. 1.11. From this figure it becomes clear that up to about 30 mol % alkali oxide

OS - i
N, 1—x
T 04+ N, (Broy & O'Keefe)

A
B {Beekenkamp)
02r
0 I I | H i i
0 20 40 50

——= Mol % R,0

Fig. 1.11. The fraction of boren ions in four-coordination N,, after Bray and O’Keefe 1—3%)
and Beekenkamp '—3*'). The curve x/(1 — x) represents the maximum possible value of N,.

the maximum number of BQ; triangles is converted into BO, tetrahedra. At
higher alkali-oxide concentrations the relative number of BO, tetrahedra begins
gradually to decrease and for lithium-borate glasses has been shown to decrease
tozeroatabout 70mol ¥ Li,0. It is suggested that if the addition of a molecule of
alkali oxide does not lead to the formation of BO, tetrahedra, then in that
case non-bridging oxygen ions are formed, so it is suggested from the n.n.r.
data that from about 30 mol %, alkali oxide onwards a significant number of
non-bridging oxygen ions is formed.

A quantitative hypothesis of the structure of alkali-borate glasses has been



given by Beckenkamp !~**). In this hypothesis it is suggested that various types
of structural units are formed which may consist of the following ions: trian-
gularly coordinated boron iosns, tetrahedrally coordinated boron ions, bridging
and non-bridging oxygen ions, and alkali ions. Two further structural rules are
suggested, viz.: «
— BQ, tetrahedra cannot be bound to each other; )
— non-bridging oxygen ions occur in BO, triangles only and are absent in
BO, tetrahedra.

From these rules it can be concluded that this hypothesis does not suggest the
formation of a random network in the strict sense of the word. It can also be
concluded that the rules are not based on ideas of a similarity between groups
in the glass and groups in crystalline borates.

Beekenkamp’s hypothesis goes even further and suggests the following quanti-
tative relation between the fraction of tetrahedrally coordinated boron ions N,
and the mole fraction of alkali oxide x:

x/(1—x)
1 4 exp (11-5 x — 4-8)

See fig. 1.11 for a graphical representation of this equation.

Aun equation of this form satisfies certain experimental data that non-bridging
oxygen ions begin to occur at x &~ 0-15 in detectable numbers. This assump-
tion is primarily based on the position of the absorption edge in the w.v. spec-
trum of sodium-borate glasses as a function of the sodium-oxide concentration
(McSwain et al.'—32)), For x < 0-60 this relation is consistent with the shape
of the experimental N, versus x curve as given by Bray and O’Keefe 139),
This model of the structure of alkali-borate glasses provides a qualitative ex-
planation of the viscosity and thermal expansion versus composition behaviour,
it offers an explanation for the position of the u.v. absorption edge and also
the position from where a mechanical-loss peak in the alkali borates may be
observed.

However, there is some experimental evidence which is inconsistent with this
hypothesis of the structure. From X-ray analysis it became evident that vitreous
boron oxide is primarily built up of boroxol rings. The model by Beeken-
kamp *—32) does not suggest this, it suggests a network of BO; triangles with-
out further specification.

Further, a considerable amount of combined evidence from X-ray crystallog-
raphy, infrared spectra and melting-point-depression measurements seems to
indicate the presence of large borate groups in vitreous alkali and alkaline-earth
borates.

Just to give an example, Willis and Hennessy 1-3%) observed that silver ions
in silver-borate melts (below 20 mol 9 silver oxide) appear to occur in pairs.
This, together with the similarity of the infrared spectra of vitreous and crys-

4 =
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talline Ag,0 . 4 B,0O; suggests the formation of tetraborate groups in vitreous
Ag,0.4B,0; (cf. fig. 1.14). This pair formation may also be observed in
caesium-borate glasses up to 20 mol % Cs,O (Krogh-Moe 134)).

To mention another example, X-ray studies of barium-borate glasses (Krogh-
Moe 1-3%)) and of strontium-borate glasses (Block and Piermarini *—3%)) indi-
cate that the cations are not randomly distributed throughout these glasses, but
are instead restricted to characteristic positions. These positions show a certain
similarity with the positions of these cations in crystalline borates.

Nuclear-maguetic-resonance studies of the structure of caesium-borate glasses
also suggest the presence of large borate groups {Rhee and Bray '+%%)). These
are of the same type as can be found in the crystalline caesium borates. Nuclear-
magnetic-resonance studies of vitreous and crystalline sodium borates
{Rhee 1-9%) suggest that in the region below approximately 20 mol % Na,O
the boroxol group and the tetraborate group as occurring in crystalline
Na,0.4B,0; are the major groups. In the region 20-334 mol % Na,O
groups are present that also occur in the compounds Na,0 . 4 B,03, Na,O .
3 B,0; and Na,0 . 2 B,0;. In the region 33}-40 mol % Na,O the diborate
group and the metaborate group are proposed to be present in major amounts.

Riebling *-51) studied volume relations in sodium-borate melts at 1300 °C.
He concluded that at 40 mol 9 Na,O 50% of the boron ions is in tetrahedral
coordination, which is in agreement with the n.m.r. measurements of Bray and
O’Keefe *39) on sodium-borate glasses. Thus, contrary to other suggestions,
BO, tetrahedra appear to be quite stable at high temperatures, which tends to
strengthen the conclusion that significant structural similarities can exist be-
tween a borate glass and the corresponding high-temperature liquid.

From X-ray analysis of many crystalline borates it is known that crystalline
borates are built up of large borate groups (cf. table 1-IT and figs 1.12 to 1.23).
It is one of the aims of this thesis to show that in vitreous borates these large
groups are retained to some extent. Melting-point-depression studies in sodium-
borate melts confirm this picture (Krogh-Moe 1—°%)),

In figs 1.12 to 1.23 the types of structure elements in anhydrous crystalline
borates are shown. In table 1-II the results of all X-ray analyses of anhydrous
borates are summarized.

With the experimental evidence available the existence of a random distri-
bution of BO, tetrahedra and BO, triangles in vitreous borates can be ruled
out. The hypothesis of Beckenkamp *—31) of the structure of borate glasses is
not strictly a random-network hypothesis of BO; and BO, units, but at the
time of his publication he could not dispose of the evidence of the occurrence
of large borate groups. His quantitative relation between N, and the com-
position may be fairly accurate, but with present-day knowledge it must be
concluded that his picture of the structure of borate glasses is incomplete.



Fig. 1.13. The pentaborate group {a4c), observed in the compounds #-K,0 .5 B,03 and
B-K,0.58,0,.
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Fig. 1.15. The triborate group (a,c), observed in the compound Cs,0 .3 B,0;.
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~ Fig. 1.16. The diborate group (a,c;), observed in the compound Li, 0.2 B,0;.
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Fig. 1.19. The triborate group with one non-bridging oxygen ion (abc), observed in the com-
pound Na,0.2B;0;.

Fig. 1.20. The ring-type metaborate group (b3), observed in the compounds Na,O . B,0,
and K,0.B,0;.
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Fig. 1.21. The chain-type metaborate group (b,), observed in the compounds Li,O . B;0;
and Ca0Q.B,0;.
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Fig. 1.22. The pyroborate group (b,”), observed in the compounds 2 MgO . B,O; and
2Ca0 . 3203.

Fig. 1.23. The orthoborate group (&’"), observed in the compounds 3 MgQ . B,0O; and
3Ca0.B,0;.



TABLE 1-II
Structural units and groups present in crystalline borates

compound structural units and groups literature reference crystal structure  ASTM-index
3Na,0.B,0, Milman and Bouaziz 1—37)
3Mg0O.B,0; isolated planar BO;*~ units (6""') Berger 1-3%) 5-648
3Ca0.B,0, isolated planar BO;3~ units (") Weir and Schroeder 1 —39) 22-142
2Na,0.B,0, Milman and Bouaziz 1—37)
2Mg0.B,0; isolated B,0Os*~ groups (b,") Takeuchi 1—4%) 15-537
2Ca0.B,0; isolated B,Os*~ groups (b,") Weir and Schroeder 1—3?) 18-279
3Li,0.2B,0; 18-721
Li,0.B,0; BO;~ triangles in chain (5,,) Zachariasen 1 —41) 11-407
Na, 0. B,0;, B0, ring-type groups (b3) Marezio, Plettinger and

Zachariasen 1—42) 12-492
K,0.B,0, B;04% ring-type groups (b3) Schneider and Carpenter 1~43%) 19-979
Ca0.B,0, BO;™ triangles in chain () Marezio, Plettinger and

Zachariasen 1—%4) 22-522
Li,0.2B,0; diborate groups, connected (a,c;) Krogh-Moe 174%) 22-140
Na,0.2B,0; dipentaborate (asc,), triborate groups Krogh-Moe 1—48) 9- 14

with one non-bridging oxygen (abc)

Na,0.2B,0;.10H,0 diborate groups, not connected
K,0.2B,0; diborate (a,c,), di-triborate (ac,) groups, Krogh-Moe*~*7) 19-948

BO, units (@)




TABLE 1-II (continued)
Structural units and groups present in crystalline borates

SrO.2 B;O3
Zn0.2B,0,

BaO.2B,0;

G‘Nazo . 3 B203
‘3-Na30 .3 3203

K,0.3B,0,
CSzo .3 BgOg,
Na,0 .4 B,0,
KZO .38 BzOg

fX-Kgo .5 B203
-K,0.5B,0,

BO,, units {¢)
diborate groups {g,¢,)

di-triborate (ac,) and di-pentaborate
groups (@s¢;)

pentaborate, (a,c), diborate groups (a,¢,)
pentaborate, (@4¢), triborate groups (@,¢),
BO,; units {¢)

triborate groups (a,¢)

pentaborate {a,c), triborate groups (d,c)
paired to tetraborate groups (asc,)
pentaborate {a,c) and triborate groups
(asc), BO, (¢) and BO; units (a)
pentaborate groups (a,c)

pentaborate groups (asc)

Krogh-Moe 1—%)

Martinez-Ripoll, Martinez-Carrera
and Garcia-Blanco *—*9)

Block and Perloff 1-59)

Krogh-Moe 1—51)
Krogh-Moe 1—52)

Krogh-Moe 1-%3)
Krogh-Moe 1-34.71)
Hyman, Perloff, Mauer and
Block 1—5%)

Krogh-Moe 1-7%)

Krogh-Moe 1-36)

~ Krogh-Moe '~37)

15-801

16-283
16-283

21-622




It is believed that the group model primarily suggested by Krogh-Moe gives
a better description of the structure of borate glasses. According to Krogh-Moe,
in the region below 20 mol % sodium oxide the boroxol group and the tetra-
borate groups are predominant. Between 20 and 30 mol Y, the tetraborate
and diborate groups predominate. Krogh-Moe suggested that this structural
model, in which the sodium-borate glasses are described as a random network
of large borate groups similar to those present in crystalline sodium borates,
may also apply to other alkali-borate systems. In this thesis the evidence is
given that Krogh-Moe’s suggestion applies to borosilicate glasses as well.

1.5. Review of experimental studies of borosilicate glasses

Experimental studies on the glass formation and subliquidus phase separation
were discussed in secs 1.2 and 1.3. In this section a review will be given of ex-
perimental studies such as nuclear magnetic resonance, viscosity, electrical con-
duction, thermal expansion, density and electron spin resonance of these glasses.

The relative proportions of three- and four-coordinated boron ions in Na,O-
B,0;-Si0, glasses were determined by Milberg, O’Keefe, Verhelst and
Hooper 1792} and Scheerer, Miiller-Warmuth and Dutz *—%3) ysing *'B nuclear
magnetic resonance. Scheerer et al.!=%%) concluded that there was a preferred
association of the alkali oxide with the boron units up to a certain saturation
concentration by the formation of BO, tetrahedra. The maximum fraction
of four-coordinated borons is greater than in alkali-borate glasses and in-
creases with increasing silica content. According to Scheerer et al.1—%3), the
decrease in the line width of the BO, resonance with increasing silica content
is due to a statistical distribution of the boron and silicon polyhedra. Milberg
et al.'~%%) concluded from their study that in sodium-borosilicate glasses with
sodium-to-boron ratios of 0-5 or less behave with regard to boron coordination
as if they were sodium-borate glasses diluted by silica. In glasses with sodium-
to-boron ratios greater than 0-5, the fraction of boron atoms in fourfold coor-
dination lies between this ratio and the values reported for lithium-borate
. glasses 1~3%) and tends to increase with increasing silica content. Furthermore,
Milberg et al.'=%2) concluded that glasses with sodium-to-boron ratios of less
than 0-5 contain essentially no non-bridging oxygen ions, while in those glasses
with greater sodium-oxide content, the fraction of non-bridging oxygen ions
increases with increasing sodium-oxide content at fixed silica content and with
increasing silica content at fixed sodium-oxide content.

A study of the coordination of boron in potassium-borosilicate glasses by
the **B n.m.r. method was made by Zvyagin, Kalinin, Kaplun and Shevele-
vich 1-54), The conclusions reached by these authors are similar to those on
the sodium-borosilicate glasses mentioned above.

Viscosity measurements of borosilicate glasses were made by Abe 1-6%). He
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found that at various compositions of the system Na,O-B,0;-8i0, the viscosity
measured by the fibre-elongation method was time-dependent. It was shown
that certain glasses show a characteristic decrease in the elongation rate with
time, at constant temperature and weight in a certain temperature range be-
tween the softening and the transition temperatures. Later it became clear that
the above-mentioned effect takes place in the composition area where subliqui-
dus phase separation is observed. Abe 17%%) further explained various anoma-
lous properties of borosilicate glasses by the assumption that atomic groups are
formed in these glasses consisting of one BO, tetrahedron and four BO, triangles
bonded to this tetrahedron.

Linear-expansion measurements in the system Na,0-B,0,-Si0, were carried
out by Gooding and Turner *~5°). These measurements showed a behaviour of
the linear thermal-expansion coefficient with sodium-oxide content (at constant
Si0, content) similar to that of the sodium-borate glasses, so a continuation of
the “boron-oxide anomaly” can be observed for the ternary system.

From his study on volume relations Riebling *~¢*) concluded that BO, tetra-
hedra were present in sodium-borosilicate melts at 1300 °C. Hence by analogy
with the sodium-borate glasses, the BO, tetrahedra seem to be quite stable at
high temperatures.

Karapetyan and Yudin *-%7), from their electron-spin-resonance study of
the effect of ionizing radiation on sodinm-borosilicate glasses concluded that
at least four structural units were present. They are SiO, tetrahedra without
and with one non-bridging oxygen ion and BO,; and BO, units.

Otto *~%8) investigated the electrical conductivity of glasses in the system
Li,0-B,0,-8i0, and Na,0-B,0,;-Si0,. In these systems three concentration
ranges can be distinguished for the description of the activation energies. A
rather steep but linear decrease is found from 0 to 25 mol % alkali oxide if
the mole fraction of SiQ, is kept constant. An abrupt change is observed at
25 mol % Li,O or Na,O. The activation energy still decreases linearly but the
proportionality constant is only about one fourth of the value at lower con-
centrations. Raising the alkali-oxide concentration above 50 mol % does not
lower the activation energy further.

Densities, refractive indices, liquidus temperatures and primary phases of
glass compositions in the glass-forming region of the system BaO-B,0,-8i0,
were determined by Hamilton, Cleek and Grauer *~%°). Anomalous changes
in properties were observed for a continuous change in composition. It is sug-
gested that there are relations between the actual units in the glass and the
compounds indicated by the phase diagram.

1.6. Nomenclature

A possibility for naming the borate groups makes use of the nomenclature
recommended by IUPAC (1957) for complexes. However, this nomenclature
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is never used in inorganic borate chemistry. Therefore the names of the different
borate groups described in this thesis are those used by Krogh-Moe. However,
the reader unfamiliar with inorganic borate chemistry may easily confuse these
names. In order to facilitate reading this thesis, symbols will be labelled to each
borate group, as explained below.

Firstly, the term “unit™ will be used for structural elements having only one
boron atom, for example the BO, tetrahedron. Secondly, the term “group” will
only be used for structural elements containing more than one boron atom, for
example the triborate group.

Up to now, five structural units are known in crystalline anhydrous borates.
These are the BO; triangle and the BO, tetrahedron having only bridging oxy-
gen ions, and BO; triangles having one, two or three non-bridging oxygen ions.

Throughout this thesis the BO; unit with three bridging oxygen ions will be
called a, the BO, unit ¢ and the BO; units with one, two or three non-bridging
oxygen ions b, b and b’ respectively *). Now it is possible to ascribe a com-
bined symbol to every borate group. Thus the triborate group (cf. fig. 1.15)
has the symbol a,¢ because it contains two g-units (BO;) and one c-unit (BO,).
The symbol for every known borate group is given in the legends to figs 1.12
to 1.23.

1.7. Hypothesis for the structure of borosilicate glasses

The experimental results of measurements of some properties of borosilicate
glasses, discussed in sec. 1.5, suggest a continuation of the boron-oxide anomaly
into the ternary alkali-borosilicate glasses. This means that there is a tendency
of the alkali ions to bonding to borate groups and the formation of BO, tetra-
hedra in the borosilicate glasses is also indicated. At low SiO, concentration
this SiQ, seems only to dilute the borate network. With increasing 8i0Q, con-
tent and increasing alkali-oxide content an increasing amount of non-bridging
ions will be formed. Due to this the boron-oxide anomaly becomes less well
pronounced when the amount of SiO, in borosilicate glasses is increased.

Most probably the structural groups present in binary alkali-silicate and
-borate glasses are retained to some extent in the borosilicate glasses, there is
no statistical distribution of B and Si in the network, but there is to some extent
a tendency to a phase separation on a very small scale. It is thus suggested that
in borosilicate glasses the same different types of borate and silicate groups
can be found as in the binary alkali-silicate and alkali-borate compounds.

The purpose of this work is to investigate how far this hypothesis is supported
by experimental evidence given in the following chapters.

*) bis used i;nstead of b’; a, b and ¢ are retained because they are used already by Beeken-
kamp.,
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2. EXPERIMENTAL METHODS

2.1. Preparation of the samples

Two factors, related to the preparation of the samples, may interfere with
the interpretation of the results of several measurements in terms of structural
units. These factors are the homogeneity and the hydroxyl-ion concentration
of the glasses.

Preparation of borosilicate glasses without visible sandstones and striae by
the usuval laboratory methods poses no problems. But as was shown earlier
by Konijnendijk, Van Duuren and Groenendijk >~*)borosilicate glasses prepared
by the classical method of mixing dry powders and melting gives rise to a con-
siderable submicroscopic inhomogeneity of the glasses as revealed by electron
microscopy. It was shown, too, that by using wet-chemical preparation methods
the submicroscopic homogeneity is improved considerably. In spite of the use
of wet-chemical preparation techniques small submicroscopic inhomogeneities
in the final unannealed glasses can still be observed by electron microscopy.
The inhomogeneities seemed to be of the order of 20-30 nm, this value being
somewhat higher in the composition areas inclined to phase separation.
These values were obtained by electron microscopy of shadowed carbon replicas
of freshly broken and etched glass surfaces, and thus are only slightly above
the resolution of about 20 nm of this technique and therefore give only quali-
tative information. Of course no indication can be obtained on this| scale of the
intensity of the observed concentration fluctuations.

Tt became evident during this investigation that no reprodumble and useful
results could be obtained from viscosity and electricai-conduction measure-
ments of borosilicate glasses prepared by the classical method. However,
the results could be considerably improved by using wet-chemical preparation
methods. Therefore, all glasses used for viscosity, electrical-conduction and
thermal-expansion measurements were prepared by these methods. Nearly all
glasses used for infrared-absorption and Raman-scattering measurements were
also prepared in this way, although no difference was observed in the spectra
of glasses of equal composition prepared either by the classical or the wet-
chemical method.

The advantages of the wet-chemical preparation methods were extensively
described earlier (Konijnendijk, Van Duuren and Groenendijk >~') and
Konijnendijk and Groenendijk >~2)). In all these methods the compounds
constituting the final glass composition are brought into a regular or colloidal
solution. The solvent is evaporated at a low temperature in such a way that a
fine, homogeneous powder results. This powder can be melted easily to yield
homogeneous glass. For the glasses prepared by the wet-chemical method
reagent-grade chemicals were used except for SiO,. Lithium, sodium, potas-
sium, calcium, barium ions were introduced as nitrates, boron as boric acid and
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silicon as a colloidal solution of SiO,. This colloidal silica solution was usually
Ludox AS, a commercially available product from Dupont, or in some cases
Ludox LS. The chemical composition and physical properties of Ludox AS
and LS are summarized in table 2-1.

For the preparation of the borosilicate glasses the sol-gel method was chosen
as the first stage. In this method H;BO, is dissolved in the colloidal SiQ; sol,
if necessary the sol was heated or diluted. To this solution a second solution
of all the other glass constituents, as nitrates, was added. After evaporation of
a part of the water or adding ammonia the sol sets to a gel. This gel is dried
at 200 °C for 16 hours, which usually results in a friable product that was ball-
milied for about 1 hour. In this way one obtains a fine powder in which all
elements are intimately mixed.

TABLE 2-1
The chemical composition and physical properties of colloidal silica solutions
Ludox AS and Ludox LS

Ludox AS Ludox LS

silica as SiQ, (%) 30-5 30-3
Na,O (titrable alkali) (%) 010
ammonia (%) - 025

chloride as NaCl (%) 0-001 0-002
sulphate as Na,SO0, (%) 0-005 0-010
viscosity at 25 °C, cps 12 9

pH at 25°C 96 83
appr. particle diam. (nm) 13-14 15-16
surface area (m?/g) (B.E.T.) 220-235 195-215
specific gravity 1-206 1-209

This powder is melted in a Pt—Rh crucible in an electric furnace to a bubble-
free glass in two hours at temperatures varying from 800 to 1400 °C depend-
ing on the composition of the glasses. In this way glasses were obtained that
showed a reasonable reproducibility in properties such as viscosity and electrical
conduction. However, the glasses produced in this way contain an amount of
hydroxyl ions that influenced the properties such as the viscosity and electrical
conduction considerably. Therefore, interpretation of these measurements in
terms of structural units for these glasses is impossible. For this reason all
glasses were remelted in a vacuum furnace for approximately 2 hours at about
the same melting temperature as used earlier, at pressures between 10~% to
1074 mm Hg and again in a Pt-Rh crucible.
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After this vacuum melting the hydroxyl-ion content had diminished by a
factor of 10 to 100 resulting in a maximum hydroxyl-ion content of about
300 ppm. This hydroxyl-ion concentration was measured by infrared spectros-
copy using the OH absorption band at 2-8 um. The extinction coefficient of
this band was taken between 140 and 60 1 mol~! H,0O c¢cm™!, depending upon
the alkali-oxide content and type of glass. These latter extinction coefficients
were taken from the work of Franz 273).

The preparation of the glasses starting by wet-chemical methods and com-
bined with vacuum melting resulted in reproducible values for the viscosity and
the electrical conduction. For this reason nearly all samples were prepared in
this way. All measurements were made on the same samples. Vacuum melting
has in some cases influence on the infrared spectra in the spectral area
400-1600 cm~!, The Raman spectra, however, remain completely unaltered in
the spectral region 200~-1600 cm™*! after vacuum melting.

Chemical analyses of samples of twelve different compositions after the
vacuum-melting operation showed that B,0; evaporation wasi practically
negligible. The difference between analysed and intended compositions was less
than 3% B,0;. This difference was 1%, for the other oxides. For this reason
the batch composition of the samples described in this thesis is taken as repre-
sentative for the composition.

2.2. Raman and infrared measurements

The Raman-scattering experiments were made with two types of apparatus.
The spectra produced with these apparatus are shown in chapter 3 of this thesis.
In the one apparatus the scattered radiation is measured as a linear function
of the wavenumber, in the other the scattered radiation is measured as a linear
function of the wavelength.

The apparatus that records the Raman spectra as a linear function of the
wavenumber is a relatively simple instrument *). In this equipment the 632-8-nm
line of a 6-mW He—Ne laser is used for excitation. The monochromator is of
the double Ebert type with additive dispersion. The detector consists of an
EMI 9659 B photomultiplier, thermoelectrically cooled to —20 °C. The scat-
tered radiation is measured at a 90° angle from the incident laser beam. The
equipment gives the possibility to measure the direction of incident and scat-
tered polarized light for the following combinations x(zz + zx)y, x(zz)y and
x(zx)y. The symbol x(zz 4 zx)y means that the direction of the incident
radiation was along the x-axis and was polarized in the z-direction, the scat-
tered radiation was collected along the y-axis, and was the sum of the light
polarized in the z- and x-directions. The differences in the spectra recorded for
the combinations x(zz 4+ zx)y and x(zz)y were negligible. The glass-sample

*) This instrument was developed by the Philips Industrial Products Division.
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dimensions are about 15x 10x 3 mm?3, with the appropriate surfaces polished.
The scattered radiation is collected from up to 5 to 10 mm of the path of the
primary laser beam through the glass.

All spectra were recorded at room temperature. The band width was usually
10 cm~* for the glasses, for the crystalline samples the band width was lowered
to 8 cm™t.

The second Raman apparatus *) has more facilities than the one described
above, but a number of the special features are of little value for measuring
Raman scattering from glass samples. Spectra of this instrument can be
recognized by the linear wavelength scale on the horizontal abscissa. The
514-5-nm line of an Ar laser (Coherent Radiation model 52) is used for excita-
tion in the experiments described in chapter 3 of this thesis. The monochromator
in this equipment was of the Jarrell-Ash 25-100 series dual monochromator type.
The detector consists of an LT.T. type FW 1308 photomultiplier, thermo-
electrically cooled to —15 °C. The cathode dark current then amounts to about
2 electrons/s. The sample dimensions are 15x 10 x 1 mm?3, the appropriate sur-
faces are polished. The scattered radiation is collected from at most 10 mm
of the path of the primary laser beam through the sample. All spectra were
recorded at room temperature of the samples, the band width usually being
10 em™—*,

The Raman spectra obtained for one sample with either of the two instru-
ments do not show significant differences. In a few cases it was advantageous to
use one of the spectrometers above the other because of luminescence of the
samples (different excitation lines).

The infrared-absorption measurements were made with a model EPI-G2
Hitachi double-beam grating infrared spectrometer. All spectra were recorded
with a band width of approximately 1 cm~*. The recording speed in the range
4001600 cm~* was 40 cm~t/min, from 1600 to 4000 cm™! it was 400 cm~*/min.
Of every borosilicate-glass sample the infrared absorption of a thin film (of a
few microns thickness) was measured in the 400-4000 cm~! range. The films
were mounted in an evacuated Dewar vessel svitable for infrared-absorption
measurements at about liquid-N, temperatures. This vessel is analogous to the
one described by Beekenkamp 2—%) for his optical-absorption measurements,
except that windows made of KBr now are mounted instead of vitreous silica.
The infrared spectra of silicate and aluminosilicate glasses were measured at
room temperature. The infrared absorption of all polycrystalline borates and
silicates was measured by the usual KBr technique at room temperature. The
ordinate of all figures represents the transmission which increasesin the upward
direction. The spectra are vertically displaced for display purposes.
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2.3. Viscosity measurements

The viscosity versus composition was measured for selected composition
series by the fibre-elongation method. By this method the viscosity # (poises)
can be determined as a function of the temperature in the range log o =7
to logyo # = 12. Uniform fibres 1 mm thick and 15 mm in length are drawn
in a flame. The fibres are vertically suspended in a furnace and a certain load
is attached to the lower end of the fibre. After attachment of the load the
elongation rate of the fibre is measured with a suitable simple optical system.
In this way several elongation rates at different temperatures can be obtained.
The following equation gives the relation with the viscosity:

glF
3mriv
in which g is the gravity constant, / the length of the fibre, F the load on one
end of the fibre, r the radius of the fibre and v the elongation rate.

The values of # obtained at different temperatures can be plotted on a semi-
log scale versus the reciprocal of the absolute temperature. Usually a linear
relationship is observed between log n and 1/T.

2.4. Thermal-expansion measurements

The linear thermal-expansion coefficient of the samples was measured with
an instrument developed by the Central Laboratory of the Elcoma division and
adapted at the Philips Research Laboratories. The expansion of the samples
was measured continuously up to a temperature just below the transformation
temperature 7, or at maximum just above 300 °C. From the expansion curve
the expansion cocefficient was calculated at 200, 250 and 300 °C.

This instrument is a displacement-measuring dilatometer: the thermal dis-
placement of the sample, with an initial length of 10 mm, is transmitted by a
fused-silica assembly to a linearly variable differential transformer, having a
sensitivity of about 4 mV/um at an excitation voltage of 24 V dc and the out-
put characteristic linear for displacements varying from —1-5 up to -+1-5 mm.
A fused-silica bar is pressed against the sample at a constant load of 15 mg.
The core of the transducer is mounted at the other end of the bar, suspended
$0 as to be nearly frictionless. The transducer is placed in a thermostatic bath,
held at a constant temperature a little above room temperature to eliminate
the influence of fluctuations of the room temperature. ‘

The samples in their holder are placed in an electric furnace with a tempera-
ture-control unit consisting of a millivolt current converter, a PID controller,
a program control for the heating rate and a thyristor unit. The supply voltage
of the furnace is raised quadratically to shorten the time necessary for one
measurement. The normal heating rate is 2 °C/min. A coaxial Chromel-Alumel
thermocouple is placed just underneath the sample. The furnace consists of a



—_20

fused-silica tube, approximately 27 cm long with 18 mm inner diameter. The
tube is provided with an external heating coil, approximately 15 cm long.

Pure Pt and AL,Oj; are used as standards together with two standard glasses.
The expansion coefficient was measured of two samples of each composition.
In each case the thermal-expansion coefficient was determined during a heating
and a cooling period.

2.5. Electrical-conduction measurements

The direct-current conductivity of the samples was measured as a function
of temperature in the range g = 105 to 10® ohm cm, where p is the specific
resistance. The samples of glass obtained in the way described earlier were sawn
into rods 25x5x 5 mm?® in dimension. The plane-parallel faces were ground
perpendicularly to the longest axis and coated with a layer of silver paste which
was allowed to dry at room temperature. ,

The sample was inserted into an electrode assembly consisting of two flat cir-
cular silver discs mounted on fused-silica supports and connected by metal
springs to ensure a good contact between the electrodes and the silver-coated
faces of the sample.

Several electrode assemblies are attached to a circular cover which fits exactly
into a horizontal cylindrical electric furnace. During the measurement the fur-
nace was heated at an average rate of about 2 °C/minute and measurements
were carried out over a temperature range of about 100 °C.

The principle underlying the determination of the resistivity consists simply
in the application of Ohm’s law. The method used involved the measurement
of the direct current flowing through the sample when a stabilised voltage of
100 V was applied.

At a given temperature two readings were taken. This could be carried out
rapidly enough, and to eliminate electrode polarization the direction of the
current was reversed after each reading. The average conduction was calculated
for cach temperature. Values of log p based on these averages were plotted
against the reciprocal of the absolute temperature, usually giving straight lines
and in some cases straight lines with a knick. This means that the conduction
behaviour can be described by the Rasch—ang—Hinrichsen law

logo=A4 4+ —.
g 0 T

As a rule two samples were taken from each glass composition and the values
in the tables are average values for these two samples.
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3. RAMAN SPECTRA OF BORATE, SILICATE AND
BOROSILICATE GLASSES

3.1. Introduction

The development of laser Raman spectrometers during the last five years has
made Raman spectroscopy of glasses a very interesting technique. The use of
lasers in the equipment has been of vital importance because the Raman effect
is generally very weak.

Raman and infrared spectroscopy may be considered as supplementary
methods, both supplying information on the vibrational behaviour of the atoms.
It was shown by Schuker and Gamon 3-1) that Raman scattering in amorphous
materials is due to first-order Raman processes, and that the spectra are related
to the vibrational density of states. Raman scaitering in disordered systems
differs from the scattering in crystals in that it is related to a spectrum of the
vibrations in the material rather than to specific modes of vibration. Raman
lines arise from the induced polarization of the vibrating molecular groups.

The interpretation of vibrational spectra of crystals has improved consider-
ably in the last decade. However, for the vibrational spectroscopy of glasses,
in which no long-range order exists, there is no generally agreed theory of
vibrations available. For the interpretation of the vibrational spectra of glasses
one generally starts with the free molecule. The absorption bands in the infrared
spectra and the bands in the Raman spectra are assigned to vibrations in the
- free molecule influenced by its surroundings. In this way it has been possible
to obtain a rough but consistent picture of the vibrations in different types of
glasses, mainly based on the infrared spectra *).

The Raman bands in the spectra of glasses are generally broader than in
comparable crystals. This is caused by the deformation of the vibrating groups
in the vitreous state, consequently leading to a broader density of states. This
does not facilitate the interpretation of the vibrational spectra of glasses.

For the above-mentioned reasons it is difficult to give a sound theoretical
interpretation of the Raman spectra of the borate, silicate and borosilicate
glasses. However, by comparison of the Raman spectra of glasses with those
of appropriate compounds whose crystal structure is known it is possible to
obtain qualitative and sometimes semiquantitative information on the presence
of certain structural units in the glasses. This is based on the assumption that
structural units or groups are present in oxide melts and oxide glasses that
resemble the units or groups in comparable compounds. For instance, the
Raman spectra of molten and crystalline carbonates show a high degree of
similarity, thus suggesting that the same types of units are present in the melt

*) Fof a general background on vibrational spectroscopy of glasses the reader is referred
to the review articles by Neuroth >~2), Wong and Angell ~3) and Simon 3““} and the
references given in these articles.
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and in the crystal (Maroni and Cairns 3-%)).

From the comparison of spectra of glasses in which the composition is varied
systematically one obtains information on the change of structure with the
composition. This change of structure is also reflected in some physical proper-
ties such as viscosity behaviour, thermal expansion, electrical conductivity and
in the infrared spectra. By comparison of the Raman data with the other ex-
perimental results it will be possible to obtain a consistent picture of the structure
of borosilicate glasses.

For reasons mentioned above, the Raman spectra of polycrystalling borates
and silicates will be presented and discussed first. The discussion of these spectra
must be rather superficial and restricted to those items of interest for the spectra
of the glasses. In this thesis the spectra of the crystalline compounds are only
used as a fingerprint to demonstrate the presence of certain structural units in
the glass. Comparison of the Raman spectra of crystalline compounds with
those of glasses suggests that the same type of units are present in the glasses
as in the comparable crystalline compounds. This similarity in structural units
or groups is of course no necessity but in a number of cases X-ray work on
glasses strongly suggests this similarity. A difference in the type of structural
units or groups in glass and a crystal of the same composition may possibly
be due to the lower density of the glass.

The comparison of the spectra of crystalline compounds and glasses may
further be hampered by intensity differences and shift of Raman lines due to
bond-strength differences and differences in symmetry between the structural
units in glass and the crystal. It is most likely that the borate units in glasses
will be distorted somewhat compared to the units in the corresponding crystals.
This distortion will not be the same for every unit. This deviation from the ideal
will lead to line-width increases in the vibrational spectra which will make the
comparison of the spectra of the glasses and the compounds more difficult and
interpretation of the spectra of the glasses less certain.

1t must be noted, too, that numerous borate compounds with different crystal
structures and different types of molecular groups are known. The generally low
crystallization tendency of borate glasses suggests no high similarity between
the glass and the corresponding crystal. It also suggests that a mixture of many
types of borate groups is present in the glass and that these groups are irregular-
ly bonded to each other.

3.2. Raman spectra of polycrystalline borates and silicates

3.2.1. Experimental results

The Raman spectra of a number of polycrystalline borates are shown in
figs 3.1 to 3.9, and the spectra of some polycrystalline silicates are shown in
fig. 3.10. Nearly all borate and silicate compounds indicated in tables 1-I and



1-II were prepared. These tables also indicate which structural units are present
in the compounds, and references are given to the literature in which the crystal
structure is described or in which the X-ray powder spectra can be found. By
X-ray analysis of every sample a check was made to ensure that the correct
compound had been prepared and, in the appropriate cases, that the sample
had the same crystal structure as described in the literature,

The powdered sample was introduced into a glass capillary which was
illuminated by the laser beam. All Raman spectra were recorded at room tem-
perature, the excitation line had the wavelength 632-8 nm of the He-Ne laser
and the band width was 8 cm™! for every sample. Smaller band widths, down
to 2 em™?! generally did not give better-resolved spectra. The scattered light was
collected at a 90° angle and the intensity was measured as a function of the
wavenumber in cm™!. For more details about the equipment used, see sec. 2.2.

Spectra of many crystalline borate compounds were also recorded by Bril 3-¢)
at about the same time.

3.2.2. Discussion of results

As explained in sec. 3.1 only a superficial discussion of the Raman spectra
of the crystalline compounds will be given in this thesis. The Raman spectra of
the compounds are intended to be used only as a fingerprint to reveal the
presence of certain structural units in the corresponding glasses. .

Due to the complex structure of many borate compounds, the study of the
vibrational spectra of borates has not attracted much interest in the past. Inter-
pretation of these spectra is further complicated because the crystal structure
of a number of borates is unknown. Together with the complex structure of
many borate compounds if can also be observed from table 1-II that many
types of borate groups exist. In a number of borate compounds more than one
type of group is present and it may also be observed that different types of
cations lead to different borate groups although the compositions may be com-
parable.

Vibrational spectra of simple boron-containing compounds were studied by
Pinchas and Shamir *~7), Frey and Funck 3~#%) and Bates et al.>~°). They inter-
preted the spectra by assigning all peaks in the spectra to vibrations of simple
borate units as for instance the BO; triangle.

From the work of Bril 3-°) it is evident that some peaks in the Raman
spectrum, for instance of crystalline Na,O . B,0O; have to be assigned to
vibrations within the ring-type metaborate group (b3), thus to a larger group
than the basic BO; triangle. Bril also suggests that the strong Raman line ob-
served at about 770 cm™?* in many crystalline borates is due to a vibration in
which all oxygen ions of the six-membered ring take part (for instance of the
triborate group (a,¢)). A six-membered ring is present in many alkali-borate
compounds; it may contain one or two BO, tetrahedra and is coupled in many



different ways with its surroundings in the different compounds.

Parsons *-*%) and Krogh-Moe 3-!1) suggested that the Raman peak at
806 cm™! which they observed in vitreous B,0; should be assigned to the
ring-deformation motion of the boroxol ring (¢3), therefore to a group larger
than a simple BO; triangle.

Thanks to the marked differences in the Raman spectra of the crystalline
borates, they may indeed serve as a fingerprint for the presence of certain types
of larger structural units, for instance the ring-type metaborate group, in the
corresponding glasses. '

Unfortunately the crystal structure of some crystalline borates has not been
revealed up to now, so that the information as to which groups are present in
these compounds is lacking. Furthermore, some compounds are composed of
several groups, thus in some cases it is difficult to take certain Raman peaks
as characteristic of a group. At the same time it can be observed that different
types of alkali ions give rise to different types of borate groups although the
composition of the borate compound is similar, This shows the influence of
the cation on the borate network in the compounds. In glass this situation may
be different because of the lower density, which leaves more space to accomodate
the ions.

Thereabove Raman spectra of polycrystalline samples cannot be further
refined by polarization measurements, so that symmetrical vibrations cannot
be distinguished from antisymmetrical ones. This problem may be overcome
by dispersing the sample in a liquid with a matched index of refraction. How-
ever, Bril 3-¢) found that, because of double refraction of the borate com-
pounds, no additional interesting information could be obtained.

Orthoborate compounds

The simplest borate group known is the isolated orthoborate BO;3~ unit
(b’", of. fig. 1.23) present in a number of borates shown in table 1-11. Inisolation
this anion has the planar symmetrical structure arising from the sp? hybridiza-
tion of the boron orbitals. It thus has the symmetry D,,, giving rise to four
fundamental vibrations. When such an ion is placed in a crystal lattice the
symmetry class may be lowered, degeneracies can be removed and more peaks
in the Raman spectrum perhaps observed than in the case of the isolated ion.

The Raman spectra of three orthoborate compounds are shown in fig. 3.1.
The strongest peak in the Raman spectra of the Mg- and Ca-orthoborate com-
pounds is observed at 920 and 930 cm~* respectively. Due to its absence in the
infrared spectra of these compounds (cf. fig. 4.1) this peak can tentatively be
assigned to the symmetric stretching vibration of the BO;®~ unit. In this ex-
planation only the molecular symmetry is taken into account.

For a sample described as 3 Na,O0.B,0; a strong Raman peak at
905 cm~1 is also observed, but in the first place it could not be confirmed by
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Fig. 3.1. Raman spectra of polycrystalline orthoborates (direction x(zz + zx)y).

X-ray analysis that this sample was indeed 3 Na,O . B,0;, in the second
place the sample contained a fair amount of water, as evidenced by its infrared
spectrum. Possibly this peak is also due to the symmetric stretching vibration
but this is less certain than in the case of the Mg and Ca compounds.

Pyroborate compounds

The Raman spectra of the pyroborate compounds 2 Na,0.B,0,,2Mg0.B,0,;
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and 2 CaO . B,0, are shown in fig. 3.2. The Raman spectra are not of
a high quality but for the interpretation of the spectra of some glasses they
are supposed to be sufficiently detailed.

Again as in the case of the orthoborate compounds, it could not be con-
firmed by X-ray analysis that the sample with the intended composition
2 Na,0 . B,0,; is indeed this compound; moreover, from the infrared spec-
trum of the sample it becomes evident that it contains a fair amount of water.

The two mentioned alkaline-earth borates are built up of isolated B,O;%~

ZNOE 0.5 203 }%48

1 L i A 3. 3 2. L 2 L

600 %00 1200 1000 600 500 400 200
Wavenumnber (ern} st

Fig. 3.2. Raman specira of polycrystalline pyroborates (direction x(zz + zx)y).
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groups (b,”, of. fig. 1.22). If the vibrational spectra of these pyroborates can
be interpreted in terms of the corresponding vibrations of the parent BO;3~
unit, then again the peak at 820 cm~* for 2 CaO . B,0; and 850 cm™! for
2 MgO . B,0; might be attributed to the symmetric stretching of the oxygen
ions. Attention is drawn to the band at approximately 1250 cm™?; at this
position no Raman band with this intensity has been observed in any other
crystalline borate, so that with some caution, it might be taken as characteristic
of the pyroborate group.

Na0.850;

1580 690
' 1555 760 "y |

600 1400 . 200 000 800 600 400 200
Wavenurnber {crn™) s

Fig. 3.3. Raman spectra of polycrystalline metaborates (direction x(zz -+ zx)y}.
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Metaborate compounds

The Raman spectra of four metaborate compounds, Li,O . B,0;, Na,O.
B,0;, K,0.B,0; and CaO.B,0; are shown in figs 3.3 and 3.4. From
X-ray analysis Li,O . B;0; (Zachariasen 3-12)) and CaO . B,0,; (Marezio,
Plettinger and Zachariasen 3-13)) are known to contain endless chains of BO,™
ions (b, cf. fig. 1.21). Na,O . B,0; (Marezio, Plettinger and Zachariasen 3-14))
and X,0 . B,0; (Schneider and Carpenter 3-'5)) contain the ring-type planar
B30¢3~ group (b, cf. fig. 1.20). The Raman spectra of those compounds clearly
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Fig. 3.4. Raman spectra of polycrystalline metaborates (direction x(zz + zx)y).



show the different types of groups in these borates, on the other hand the com-
pounds with the same type of groups show highly similar Raman spectra.

For a complete interpretation of the spectra of the compounds Na,O.B,0,
and K,O . B,0, the reader is referred to the work of Bril 3-%). Bril assigns
the peak observed at 610 cm™* for the potassium compound and at 630 cm™?
for the sodium compound to a stretching-type vibration in which all six atoms
of the metaborate ring take part. Thus this peak is characteristic of the ring-
type metaborate group. The peaks in the range about 1500 cm™?! are assigned
to a symmetric vibration of the three non-bridging oxygen ions. These peaks
are thus characteristic of the presence of non-bridging oxygen ions in this par-
ticular group.

Diborate compounds

The Raman spectra of the crystalline diborates studied are shown in figs
3.5-3.9. From X-ray analysis it is known that all these diborate compounds
have a different crystal structure. The compound Li,O . 2 B,0; is built up of
diborate groups (a,c¢,) only (Krogh-Moe 3117}, ¢f. fig. 1.16) in which all
oxygen ions are bridging and two BO, tetrahedra are connected to each other.
The crystal structure of Na,0.2B,0, was recently revealed by Krogh-
Moe 3-18), the borate network is built up of di-pentaborate (as¢,) groups and
triborate groups with one non-bridging oxygen ion (abc, cf. figs 1.18 and 1.19).
Na,0.2B,0,.10 H,O also contains a diborate-like group but this group
is isolated from the network because four oxygen ions now are non-bridging.
The compound K,0 .2 B,O; consists of diborate (a,¢;), di-triborate groups
(ac,) and loose BO; units (@) (Krogh-Moe 2~19)). The compound ZnO . 2 B,O;
is built up of diborate groups (a,¢,) only (Martinez-Ripoli, Martinez-Carrera
and Garcia-Blanco 3-29)), BaO.2 B,0O; contains di-triborate (ac,) and di-
pentaborate groups (a;c,) (Block and Perloff 3-2!)) and finally SrO . 2 B,0,
has a completely deviating structure (Krogh-Moe 3-22)).

As can be observed, the Raman spectra of these diborate compounds show
important differences. Interpretation of these spectra is rather difficult, it can
however be observed that in spectra of the compounds containing the diborate
group (a,c,) a number of the stronger peaks is observed in the areas
700-800 cm™~! and around 500 cm™t,

Bril 3-6) suggests that the large peak observed at about 770 cm™! is due to a
vibration in which all oxygen ions take part of the six-membered ring of a
borate group with one or two BO, units in this ring (a,c, groups). It is clear
that many borate groups are built up of these rings as, for instance, the diborate
(a,c,) and the pentaborate groups (a.c). In some diborate compounds the di-
triborate (ac,) and di-pentaborate group (a;c,) are observed which contain
rings with two BO, tetrahedra.

Although ZnO . 2 B,0; contains only diborate groups (@;¢;) and the bond
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Fig. 3.5. Raman spectra of polycrystalline di- and triborates (direction x(zz - zx)y).

lengths and angles do not differ strongly from the diborate groups (a,c,) in’
Li,0 .2 B,0;, the Raman spectra of the two compounds are very different.
Assuming that the crystal structures described in the literature are indeed cor-
rect, this strong difference in the Raman spectra must be caused by the influence
of the Zn?* ion on the vibrations of the diborate group.

Unfortunately it could not be confirmed by X-ray analysis that the sample
with intended composition BaO .2 B,0; had the crystal structure of this
compound described by Block and Perloff 3-2*), The Raman spectrum in
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fig. 3.8, however, shows some similarity with the spectrum of the compound
K;0.2B,0; The Raman spectrum of the compound SrQ .2 B,0; differs
completely from other spectra of diborates, but this is not strange because
the crystal structure of this compound is completely different from other di-
borates, containing all boron ions in an unusual tetrahedral coordination.
The Raman spectrum of the compound Na,O . 2 B,0O; . 10 H,0, shown in
fig. 3.9 differs greatly from the spectrum of the compound Li,O.2 B,0;,
although both compounds are built up of diborate groups. However, in the
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compound Na,0 .2 B,0; . 10 H,O these diborate groups are not connected
to the network with bridging oxygen ions, as is the case with the groups in
Li,O .2 B,0;. The absence of a strong absorption band at 580 cm~! in the
infrared spectrum of Na,O .2 B,0; . 10 H,O suggests that the Raman line
at 580 cm~! is probably due to a symmetric vibration.

The compound 3 Li,O . 2 B,0,, of which the crystal structure is unknown,
could have had the same type of diborate groups as the compound Na,O .
2B,0; .10 H,0. The Li* ions could have replaced the H* ions bonded to
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Fig. 3.8. Raman spectra of polycrystalline diborates (direction x(zz + zx)p).

the non-bridging oxygen ions. The Raman spectra of the two compounds are
completely different, however (cf. fig. 3.9). This probably means that the com-
pound 3 Li,O . 2 B,O; contains an other type of borate group than Na,O .
2 B,0; . 10 H,0. The strong peak at 780 ¢cm~! again suggests the presence
of six-membered borate rings (g,¢,). However, the infrared spectrum of
3 Li0,.2B,0; (cf. fig. 4.8) shows a strong absorption band in the same
wavenumber area, hence, with this information the Raman line at 780 cm~!
cannot unequivocally be attributed to a symmetric vibration. The presence of
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Fig. 3.9. Raman spectra of polycrystalline borates (direction x(zz + zx)y).

a small Raman band between 1400 and 1500 cm~! is reminiscent of the spec-
trum of Li,O . B,O;. The infrared spectra of 3 Li,O . 2 B,O; and Li,O . B,0,
also show a high degree of similarity, which suggests that the structure is anal-
ogous to some extent.

Triborate compounds

The Raman spectra of two crystalline triborates are shown in fig. 3.5. The
crystal structure of the compound K,0 .3 B,0; is unknown, so that the
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borate groups which are present are also unknown. The crystal structure of
Cs,0 .3 B,0; is known (Krogh-Moe 3-23-62)) the compound being built up
of triborate groups (a,c) only (cf. fig. 1.15). The Raman spectra of these two
compounds are not identical, which probably means that the compounds have
a different borate network structure, although this difference will not be extreme
(cf. fig. 3.5). Also, the compound -Na,O .3 B,0;, whose Raman spectrum
was recorded by Bril 3-%), shows little similarity to the other two spectra men-
tioned. The crystal structure of $-Na,O . 3 B,0O, was elucidated by Krogh-
Moe 3-%%) and contains pentaborate (a,c), triborate groups (a,¢) and loose
BO, units {¢). The crystal structure of «-Na,O . 3 B,0; was recently revealed
by Krogh-Moe *~2%), the borate network being built up of pentaborate {a,0)
and diborate groups (a,c¢.).

One thing these spectra all have in common is that the strongest Raman peak
is observed between 760 and 790 cm™*. As in some diborates, this is probably
due to the vibration of the six-membered ring (a,c,), as suggested by Bril 3-¢),

Tetraborate compounds

The crystal structure of the compound Na,O . 4 B,0; is known (Hyman,
Perloff, Mauer and Block 3-26)). The borate network in this compound is
built up of pairs of pentaborate (a,c) and triborate groups {a,¢, cf. fig. 1.14).
Potassium-borate glasses of the tetraborate composition, K,O . 4 B,O,, may
be crystallized to give a compound of the composition K,O . 3-8 B,0O;, as
has been found by Krogh-Moe *~6%). The structure consists of a three-dimen-
sional framework, built up of interconnected pentaborate groups (a.c), tri-
borate groups (a,c) and BO, tetrahedra (c) and BO, triangles (a). ‘

The Raman spectrum of Na,O . 4 B,0O; was recorded by Bril *~%) and shows
close similarity to the Raman spectrum of K,0.3-8 B,O; (fig. 3.6). The
strongest peak in the spectrum of K,0 . 3-8 B,O; is observed at 775 cm~* and
that of Na,0 .4 B,O, at 786 cm~! (Bril **)) which in both cases seem to
be peaks related to the vibration of the six-membered rings (a,,cq) as suggested
by Bril 3-¢),

Pentaborate compounds

The compounds o«-K,0 . 5 B,0; and 5-K,0. 5 B,0; of the pentaborates
were prepared, « being the higher-temperature modification. The Raman spectra
of both compounds are shown in fig. 3.6.

From X-ray analysis it is known that they both contain the double-ring penta-
borate group (a,c, cf. fig. 1.13, Krogh-Moe 3-27-28)), The Raman spectra of
the two compounds show similarity. The crystals of both belong to the same
symmetry class, the cell dimensions are somewhat different which results in a
calculated density of 193 g/em? for the a-compound and 2-29 g/em3 for the
B-compound (Krogh-Moe 3-28)), This shows to some extent that the influence
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of the network on the vibrational frequencies is not too drastic although the
density difference is about 17 %,. This suggests that in first approximation most
vibrations are located within the elementary pentaborate group and it may be
concluded therefore that the Raman spectra are characteristic of the type of
borate group present in the crystalline borates. The strongest peak observed
at 765 cm™! for the z-compound and at 785 cm~"' for the f-compound is
probably connected with the vibration of the six-membered borate ring (a,¢,)
as suggested by Bril 3-9),

Silica compounds

The Raman spectrum of a-quartz has been published and discussed by Scott
and Porto ~2%), the spectrum of f-quartz by Bates and Quist 3-3%). The
Raman spectra of «- and f-crystobalite have been published and discussed by
Bates 3—31),

The Raman spectra of - and f-quartz have their strongest peak at 464 cm~?,
This peak is attributed to a bending-type vibration of the O-Si-O group
(Etchepare %-%4)).

The Raman spectrum of a-crystobalite has its strongest peaks at 426 cm™?
and 233 cm™! (at 77 K). Both peaks are attributed to vibrations with 4, sym-
metry 3-31). The Raman spectrum of B-crystobalite has weak lines at 292, 777
and 1077 em~? 3-3%) It has been concluded by Bates 3-3t) that f-crystobalite
is a poor model for vitreous Si0,.

Disilicate compounds

The crystal structure of Li,O .2 8i0O, was revealed by Liebaun 3-32). This
disilicate was shown to have a layered structure, built up of SiO, units. These
layers contain ring-type structures with six SiO, tetrahedra in the ring. The
crystal structure of «-Na,O . 2 8i0, was first determined by Liebau 3-3%), but
later corrected by Pant and Cruickshank 3-3%), The structure of «-Na,O.
2 8i0, was shown to be very similar to Li, 0.2 8i0O, although the space
groups are different. «-Na,O.2S8i0, also contains two-dimensional cor-
rugated layers of tetrahedra with one non-bridging oxygen ion. These layers
contain rings of six 8i0, tetrahedra. ;

The similarity in structure is reflected in the similarity of the Raman specira
of these compounds (cf. fig. 3.10) and also by the similarity of the infrared
spectra (cf. fig. 4.9).

Etchepare 3-35) attributed the peaks at 1080 cm™' in the spectrum of
a-Na,0 . 2 8i0, and at 1105cm™* of Li,0. 2 SiO, to a bond-stretching vibra-
tion of the $i-O~ unit. The peaks at 530 and 550 cm™* are assigned to a
vibration of the Si-O-Si group.
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Fig. 3.10. Raman spcc.tra of polycrystalline silicates (direction x(zz + zx)y).

Metasilicate compounds

The most recent investigation into the crystal structure of the metasilicate
Na,O . 8i0, was done by McDonald and Cruickshank 3-35), The structure
was shown to consist of metasilicate chains, chains with two non-bridging
oxygen ions per SiO, tetrahedron. The crystal structure of the compound
K,0 . Si0, is unknown but due to the similarity of the Raman and infrared
spectra of K,O0 . SiO, and Na,0 . 8i0, the structure of K,0 . SiO, will be
similar to that of Na,O . Si0, (cf. figs 3.10 and 4.9).
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Etchepare 3-3%) attributed the peaks at 975 cm™! in the spectrum of
Na,0 . 8i0, to a bond-stretching vibration of the Si-O~ unit. The peak at
590 cm~! is assigned to a vibration of the Si-O-8i groups.

3.2.3. Conclusions

The Raman spectra of the borate compounds seem primarily to be charac-
teristic of medium-large borate groups, for instance the pentaborate (a.c) or
the ring-type metaborate groups (bs). The peak at about 770 cm™* in the spectra
seems to be characteristic of the six-membered borate ring with one or two
BO, tetrahedra (g,c, groups). The peak at 610-630 cm™! seems to be charac-
teristic of the ring-type metaborate group (b;). The influence of the network
on the vibrational spectra cannot be excluded for a number of the smaller
peaks.

The Raman spectra of the silicate compounds are primarily characteristic of
small groups, such as the Si~O-8i bridging group. A clear difference can be
observed in the spectra of the compounds built up of SiO, tetrahedra with
none, one or two non-bridging oxygen ions. The peaks at 530 to 550 cm™*
and 1080 to 1105 cm™! are characteristic of SiO, tetrahedra with one non-
bridging oxygen ion. The peaks at 590 cm™" and 965 to 975 cm™* are charac-
teristic of SiO, tetrahedra with two non-bridging oxygen ions.

The influence of alkali and alkaline-earth ions seems to be negligible in the
250-1600 cm~* wavenumber range.

3.3. Raman spectra of borate glasses

3.3.1. Experimental results

The Raman spectra of the binary vitreous borate systems x Na,O.
(1 —x)B,0; and xK,0.{1 —x) B,0, are shown in figs 3.12 to 3.16 for
several values of x. In figs 3.17 and 3.18 some Raman spectra of mixed alkali-
borate glasses are shown with a relatively high proportion of alkali oxide. In
figs 3.19, 3.20 and 3.21 a number of spectra of glasses containing alkaline-earth
ions are shown and in figs 3.22 and 3.23 the spectra are shown of borate glasses
containing increasing amounts of Al,O,. In fig. 3.24 the Raman spectrum is
shown of a crystallized mixed Li-, Na- and K-borate glass. In the same figure
the spectrum is shown of a glass with composition 0-25 Cs,0 . 0-75 B,0;.

All Raman spectra were recorded at room temperature, however, with two
different spectrometers. With the one spectrometer the spectra were recorded
as a linear function of the wavelength, for excitation the 514-5-nm line of an
Ar laser was used, the band width was 10 cm~'. With the other spectrometer
the spectra were recorded as a linear function of the wavenumber, for excitation
the 632-8-nm line of a 6-mW He-Ne laser was used, the band width was
10 em~*. No significant differences could be observed between the spectra



recorded with the two different spectrometers, so that for the interpretation of
the results these spectra from the different spectrometers are completely inter-
changeable. Lowering the band width to 2 cm™? did not give increased reso-
lution of the spectra compared to the 10 cm~* generally used. For more details
about the equipment the reader is referred to sec. 2.2

Numbers in the Raman spectra close to the peaks show the position of the
maxima of these peaks in cm™. In all spectra the direction of the incident and
scattered light is shown, using symbols that are explained in sec. 2.2. Spectra
of a number of borate glasses were separately recorded by Bril 2-) at about
the same time.

3.3.2, Qualitative discussion of results

Boron-oxide glass

A recent X-ray study of the structure of vitreous boron oxide by Mozzi and
Warren 3-37} has revealed that the major part of the glass is made up of
boroxol groups B;Og (¢3), see fig. 1.12. This was already suggested by Goubeau
and Keller *-35) and later by Krogh-Moe 3-**), Their conclusion was based on
the observation that the strongest peak in the Raman spectrum of B,0, glass
at 806 cm™* (cf. also fig. 3.12) coincides with a strong Raman peak in several
boroxol derivatives. Due to the relatively strong polarization of this peak it
must be attributed to a totally symmetric vibration. Parsons 3-18) and Krogh-
Moe 3~11) attribute this peak to a trigonal deformation of the boroxol ring,
shown in fig. 3.11.

More evidence for this suggestion was given by Kristiansen and Krogh-
Moe 3-39) when they calculated the vibrational spectra of boroxol groups with
different groups attached to the boroxol ring and compared this to the observed
spectra.

In a review paper on the structure of boron-oxide glass Krogh-Moe 3-49)
compared the random-network model of BO; groups with the group model
based on boroxol groups and, with the experimental evidence available, con-
cluded that the group model was by far the most probable.
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Fig. %111 The trigonal deformation of the boroxol ring after Parsons -9 and Krogh-
Moe 3-11),
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Borate glasses with up to 25 mol % alkali oxide

The Raman spectra of the binary sodium- and potassium-borate glasses show
a close resemblance (cf. figs 3.12 to 3.16). The most striking feature, at low
alkali-oxide concentration, is the rapid decrease of the peak at about 806 cm~1
and the rapid increase at the same time of a peak at about 770 cm™! with
increasing alkali-oxide content. At 20 mol 9, alkali oxide the 806-cm™* peak
is still just visible as a shoulder of the 770-cm~! peak but in the case of vitreous
sodium borate at 25 mol % Na,O the 806-cm~! peak has completely dis-
appeared, just as in the spectrum of the giass of composition 0-25 Cs,O .

0'75 B203 (Cf. ﬁg. 3.24).

Fig. 3.12. Raman spectra of glasses in the system x Na,O.(1 — x) B,O; (direction

x(z2)y).
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Fig. 3.13. Raman spectra of glasses in the system x Na,O . (1 — x) B,O; (direction
x(z2)y).

Because this 806-cm™! peak is characteristic of the boroxol group it becomes
quite clear that on addition of alkali oxide to boron oxide the boroxol groups
are converted into other groups. The fact that this 806-cm™! peak has dis-
appeared at about 25 mol 9 alkali oxide makes it less certain that vitreous
boron oxide consists of a random network of BO; units. If that were so, the
only regular basic unit with a high abundance would have been this BO; triangle,
hence the peaks observed in the vibrational spectra should be due to vibrations
in this BO; triangle. At 25 mol % alkali oxide not all these BO; triangles
with three bridging oxygen ions can be converted into other types of groups,



e 81 e

Wavenumber (cr™) -
15792 12545 917-8 568-4 2056

5600 5500 5400 J72 5300 5200
Wavelength (R) -a—

AU
762
\ [ 485

960

755
x=0:35 510
¥
960
(Hg} ™ 640

5600 B500 8400 8300 5200
Wavelength (&) - .

Fig. 3.14. Raman spectra of glasses in the system x Na,O . (1 — x) B,O; (direction
x(zz)y).

so that it is again doubtful that boron-oxide glass is built up of a random net-
work of BO; triangles, as has already been proposed by Krogh-Moe 3-49),

From the fact that at the composition 0-20 R,0 . 0-80 B,O; the 806-cm™!
peak is still observable it can be concluded too that in this composition borate
groups with an average sodium-to-boron ratio of about ; to 4 are present
because otherwise the boroxol groups would already have been consumed at
lower alkali-to-boron ratios or persisted longer at higher ratios.

From the appearance of new bands in the Raman spectra on addition of alkali
oxide to boron oxide some conclusions can be drawn about the existence of
certain types of borate groups in alkali-borate glasses. It can be observed from
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Fig. 3.15. Raman spectra of glasses in the system x K,0. (1~ x) B,O; (direction
x(zz + zx)p).

the spectra of the binary sodium- and potassium-borate glasses in figs 3.12 to
3.16, that a strong peak arises at about 770 cm™*, a peak that is polarized, too.
This peak is assigned to a symmetric vibration of the six-membered borate ring
with one BO, unit (a,c¢) (Bril 3-%)).

From the Raman spectra of the sodium- and potassium-borate glasses with
20 mol ¥ alkali oxide or less it becomes probable that not only pentaborate
groups (a4¢) of the type present in a- and §-K,O .5 B,0; are present. This
is based on the absence of the peaks at 885 and 915 ¢cm~1! in the spectra of
the glasses, which are present in the spectra of crystalline «- and $-K,0.
5 B,0;. Formation of pentaborate groups (a,c) only would also lead to a
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Fig. 3.16. Raman spectra of glasses in the system x K,0. (1 — x) B,O; (direction
x(yz + yx}p).

consumption of all the boroxol groups at a lower alkali-oxide content than is
actually observed. Formation of only pentaborate groups (a.c) at about
16 mol % K,O in vitreous potassium-borate glass is also improbable because
the density of potassium-borate glass at 16 mol % K,0 (Coenen 3—#)) is
significantly higher than the density of the high-temperature form «-K,O.
5 B,0; (Krogh-Moe 3-*8)).

The spectra of the sodium- and potassium-borate glasses with 20 mol %
alkali oxide (cf. figs 3.13 and 3.16) and the spectra of the compounds Na,O .
4 B,0; (Bril*%) and K,0.38B,0; show a reasonable similarity. The
similarity with the Raman spectra of the compounds p-Na,0.3B,0,
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Fig. 3.17. Raman spectra of mixed alkali-borate glasses (direction x(zz -+ zx)y).

(Bril *-%)), K,0.3 B,0,, Cs,0.3B,0;, Na,0.2B,0; and K,0.2B,0;
is definitely less (cf. figs 3.5 and 3.7). This means that probably tetraborate
groups (ae¢c,), that is, a couple consisting of one pentaborate (a,¢) and one
triborate group (a,c) are formed in the concentration range 0-20 mol 9/ alkali
oxide.

Due to the similarity of the infrared spectra of crystalline K,0 . 3-8 B,0;,
Na,O .4 B,0; and the corresponding glasses the latter conclusion is con-
firmed by infrared spectroscopy. The conclusion is also confirmed by X-ray
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Fig. 3.18. Raman spectrum of mixed alkali-borate glass. Upper trace direction x(zz)y, lower
trace direction x(zx)y.

analysis of glasses in this concentration range, n.m.r. measurements of sodium-
borate glasses and melting-point-depression results (cf. sec. 1.4).

Another explanation that can be considered is to propose the presence of a
random network of six-membered borate rings with usually one BO, tetra-
hedron in the ring {(a,¢) as the major basic group in alkali-borate glasses with
about 20 mol % alkali oxide. This is consistent with the interpretation of the
770-cm~1 peak in the Raman spectrum as given by Bril. Formation of these
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a,c¢ groups also fits in exactly with the disappearance of the boroxol groups

(as) at about 25 mol %, alkali oxide.

The calculations in sec. 3.3.3 show that, based on the values of N, and the
alkali-to-boron ratios at x = 0-17 and x = 0-20, the structure may indeed be
built up of a major number of triborate groups, a reasonable number of boroxol
groups and small numbers of diborate and metaborate groups. However, these
same calculations show that the structure may also be built up of a major
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Fig. 3.20. Raman spectra of borate glasses containing alkaline-earth oxides (direction

x(zz + zx)y).

number of tetraborate groups (gec,), a8 minor number of boroxol groups (a,),
a minor number of “loose” BO; triangles (@) and a small number of “loose”
BO, tetrahedra (c¢). This latter explanation is supported by the coincidence of
the smaller peaks in the Raman spectra of glasses and crystals at x == 0-20,
the similarity of the infrared spectra of glasses and crystals and the X-ray,
n.m.r., and melting-point-depression results, discussed in sec. 1.4.
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Fig. 3.21. Raman spectra of borate glasses (direction x(zz + zx)y).

It is concluded that up to about 20 mol %, alkali oxide mainly tetraborate
groups (agc,) are formed on addition of alkali oxide to boron-oxide glass. At
20 mol %, alkali oxide the structure of the borate glass is mainly built up of
tetraborate groups (agc,), a minor number of boroxol groups (as), a minor
number of “loose” BO; triangles (a) and a small mumber of “loose” BO, tetra-
hedra (c).

Borate glasses with 20 to 35 mol %, alkali oxide

The Raman spectra show that in the alkali-oxide concentration range 20 to
35 mol % a,c, groups are present in substantial amounts: again the strongest
peak is observed at 770 to 755 cm™.
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For the sodium-borate glasses it secems most probable that the groups present
in the crystalline compound Na,O . 2 B,0O; are not formed in major amounts,
viz. di-pentaborate groups (@sc,) and triborate groups with a non-bridging
oxygen ion (abc). This is based on the observed higher density of vitreous
Na,O .2 B,0; compared to that of the compound.

From the absence of a strong peak at about 630 cm™! in the spectrum of
the glass of composition 0-35 Na,O . 0-65 B,0O; it can be concluded that no
significant number of ring-type metaborate groups (b3) is present. This means



0715Li,0.0-5Ngy 0.015K,0.0.556,

As above,with Dmol %Al; 03 added
955 765 620

As upper,with 30 mol % Al 03
added

1600 1400 1200 1000 600 600 400 200
Wavenumber fcm™} --——
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that not many borate groups with a sodium-to-boron ratio of 4 or lower are
present in this glass.

Most probably di-triborate (ac,) or diborate groups (a,¢,) are formed. The
formation of paired BO, groups is confirmed by the n.m.r. experiments on
sodium-borate glass by Rhee 3-4%). Rhee measured an increase in the quadru-
pole coupling constant and dipolar line width of the *'B resonance of BO,
units for increasing amounts of Na,O above 20 mol % Na,O which indicates
the coupling of BO, units. Krogh-Moe *~4%) concluded from melting-point-
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depression measurements that at about the glass composition with 33 mol %
Na,0 the diborate group (a,¢,) was the predominant group. Kumar 3-44), using
the free-volume theory for viscosity described by Cohen and Turnbull, calculated
that the average size of the flow unit in the melt around 33 mol % Na,O is
approximately that of a B,O, group, that is the diborate group (a,c,). Nagel
and Bergeron 3-4%) estimated that the relative number of boron ions in four-
coordination was about 509/ for a melt of composition Na,0 .2 B,0; at
temperatures near the transformation range.



—_—) —

All this evidence suggests that the diborate group (a,c,) is the predominant
group in sodium-borate glasses at about 33 mol 9 Na,O. A minor number of
“loose” BQ; triangles (@) and a small number of “loose” BO, tetrahedra (¢) is
probably present too.

The Raman spectra of the glasses 0-30 Na,O . 0-70 B,0O, and .0-30 K,0 .
0:70 B,O; show a close similarity. However, the strongest peak is observed
at slightly different cm~! values. This may indicate that in the glass 0-30 K,0 .
070 B,O, the network is not built up of diborate groups (g,c¢,) only. The
calculations in sec. 3.3.3 show that di-triborate groups (ac,) may be present
if also a reasonable number of “loose™ BO; triangles is formed. Crystalline
K,0 .2 B,0; is built up of diborate groups (a,¢;), di-triborate groups (ac,)
and “loose” BOj; triangles. However, the Raman spectra of vitreous 0-30 K,O .
0-70 B,O; and crystalline K,0 . 2 B,O; do not show a close similarity. This
suggests no close similarity in structure. Hence, most probably, the glass of
composition 0-:30 K,0 . 0-70 B,O; is built up of a major number of diborate
groups (a,c¢,), a minor number of “loose” BO; triangles and a small number
of “loose” BO, tetrahedra. The presence of small numbers of di-triborate (ac,)
and ring-type metaborate groups (b;) is not excluded.

The Raman spectrum of lithium-borate glass with 33 mol % Li,O is shown
in fig. 3.21. Due to the similarity of the spectrum to that of the sodium-borate
glass at x == 0-30 it is suggested that in this case also diborate groups (a,c,)
are formed in major numbers.

The Raman spectra of vitreous and crystalline Cs,0 . 3 B,O, are not iden-
tical (cf. figs 3.24 and 3.5). This indicates that the glass is not built up of a
random network of triborate groups (a,c). The spectrum of the glass shows a
close similarity to that of the glass 0-25 Na,O . 0-75 B,0O;. This suggests that
tetraborate (gsc,) and diborate groups (a,c;) and “loose” BO, triangles (a)
and “loose” BO, tetrahedra {(¢) are present. It ‘is evident that no boroxol
groups {a,) are present. This picture on the structure is confirmed by the
n.m.r. measurements of Rhee and Bray *-%%),

It can be concluded that in the composition range 20 to 35 mol %, alkali oxide
the tetraborate groups (agc,) are gradually replaced by diborate groups (a,c;)
on increase of the alkali-oxide content. At the diborate composition (x = 0-33)
the network is mainly built up of diborate groups (a,c,}. Minor numbers of
“loose” BO; triangles (a) and small numbers of “loose” BQ, tetrahedra (c)
and ring-type metaborate groups (b,) are probably present too.

Borate glasses with 40 to 50 mol %, alkali oxide

Figures 3.17 and 3.18 show some spectra of borate glasses containing a mix-
ture of 40 mol %, and more alkali oxides. In the spectra one may observe a
shift and rise of the peak at about 540 cm~! on decreasing the amount of
B,0;. In the spectrum of the glass with 48 mol % B,0, (cf. fig. 3.17) this peak
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is very strong, lies at 560 cm™* and is strongly polarized. This becomes clear
from fig. 3.18 showing the spectra for the directions x(zz)y and x(zx)y for a
glass with 52 mol % B,0;. Due to its polarization behaviour the peak must
be assigned to a symmetric vibration, a conclusion which is not contra-
dicted by the infrared spectra. The Raman spectra of the crystalline com-
pounds do not indicate clearly what type of group may be involved. The
Raman spectrum of the compound Na,0 .2 B,0; . 10 H,O shows a strong
peak at 580 ¢cm™*, so it may be that the peak in the spectra is caused by
an “isolated” diborate group as in the compound Na,O .2 B,0,. 10 H,0.
This means that where H* ions are bonded to non-bridging oxygen ions
of the “isolated” diborate group in Na,0.2B,0, .10 H,0, in the case of
the glasses, alkali ions are now bonded to these non-bridging oxygen ions.
The Raman spectrum of the compound 3 Li,O .2 B,0; which could have
had this type of groups shows no strong peak at 560 cm™* (cf. fig. 3.9), hence
analogous groups are probably not formed.

Another reason that makes it uncertain that this peak should be ascribed to
the suggested type of “isolated” diborate group is the presence of peaks at
820 cm~! and 940 cm~! in the spectra. These peaks should be attributed to
pyroborate groups (B,Os*~) and orthoborate units (BO;3~) as becomes clear
on comparison with spectra of compounds containing these groups (cf. figs 3.1
and 3.2). The presence of a significant number of such groups leaves no pos-
sibility of the existence of “isolated” diborate groups due to the alkali-to-boron
ratio in these glasses.

The presence of the peak at 760 cm™! reveals the presence of a significant
amount of BO, units up to 48 mol % B,O,, most probably in diborate groups
(a.¢,). This view is supported by some calculations given in sec. 3.3.3. It is
clear from figs 3.17 and 3.18 that no high proportion of ring-type or chain-type
metaborate groups are formed in borate glasses with about 50 mol % B,0;.
This is based on the absence of strong peaks at about 630 and 730 cm™? in the
spectra. The non-bridging oxygen ions are probably primarily formed in con-
nection with pyroborate groups (b,""), orthoborate units (3"') or “loose” BO;
triangles with a non-bridging oxygen ion (b). Calculations, given in sec. 3.3.3,
support this view. Crystallization of these mixed alkali glasses around 50 mol %
B,0; results primarily in the formation of ring-type metaborate groups (cf.
fig. 3.24). V :

It can be concluded that at x = 0-30 the structure is built up of a major number
of diborate groups (a,c, ), reasonable numbers of orthoborate units (b}, pyro-
borate groups (b, )} and “loose” BOj; triangles with or without a non-bridging
oxygen ion (b and a). The presence of a small number of ring-type metaborate
groups (by) is indicated.
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Borate glasses with alkaline-earth oxides

In figs 3.19, 3.20 and 3.21 some spectra are shown of glasses containing
alkaline-earth ions. From the spectrum of the glass of composition 0-20 BaQ .
0-80 B,0,, melted at 1200 °C, it becomes evident that no boroxol groups are
present in this glass and that in principle all the BaO is used for the formation
of BO, units, as evidenced by the characteristic peak at about 775 cm™'.

One is inclined to think that these BO, tetrahedra are connected to each
other, so that one Ba2* ion can compensate the negative charge of two BO,
units close to one another. An indication of this is found in the structure of
the compound BaO .2 B,0,. From the Raman spectra it is not suggested
that pairs of BO, tetrahedra are formed in vitreous 0-20 BaO . 0-80 B,O;.
Pairs of BO, tetrahedra in diborate (a,c,) or di-triborate groups (ac,) present
in this glass necessarily results in the presence of boroxo! groups which is not
indicated.

Krogh-Moe 3—*7) showed by X-ray analysis the Ba-Ba distance in the glass
of composition 0-20 BaO . 080 B,O; to be 6:9 A. This is an indication that the
Ba?"* ions are not distributed randomly throughout the borate network. More-
over, this distance of 69 A of Ba2?* ions is also found in the compound
BaO . 4 B,0,. In the same article Krogh-Moe *-47) suggested the presence of
tetraborate groups (gas¢,) in glass of composition 0-20 BaO . 0-80 B,O,, similar
to the tetraborate groups in the compound Na,O . 4 B,0,. Unfortunately the
crystal structure of the compound BaO . 4 B,O; has not been revealed up
to now; however, the unit-cell data of this compound show a high degree of
similarity to those of Na,0 .4 B,0; (Krogh-Moe **7)). The suggestion of
Krogh-Moe means that the BO, tetrahedra are not paired in vitreous
020 BaO . 0-80 B,0,.

Except for the 806-cm™! peak the Raman spectra of the glasses of com-
position 0-20 BaO.0-80 B,O; and 0-20 Na,0.0-80 B,O; (cf. figs 3.19 and
3.13) show great similarity. The infrared spectra of both glasses also show this
close similarity. Thus, the glass of composition 0-20 BaO.0-80 B,O; is
probably mainly built up of tetraborate groups (asc,). In these tetraborate
groups, however, the BO, tetrahedra are not connected to each other. This
means that when the same type of tetraborate groups are present in glass of
composition 0-20 BaO . 0-80 B,O;, the Ba?* ions have to compensate the
charges of BO, tetrahedra belonging to different borate groups. This is not
impossible because the cations in Na,0 .4 B,0; appear in two crystallo-
graphically different environments and apparently serve to hold two independent
networks together. The same may apply to the compound BaO . 4 B,0;.

It must be concluded along with Krogh-Moe 347} that without evidence
to the contrary, it is reasonable to believe that the borate network in the glass
of composition 0-20 BaO . 0-80 B,0; consists primarily of tetraborate groups
{asc,y). The complete determination of the crystal structure of the compound
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BaO . 4 B,0,; may solve the problem of the charge compensation. As for the
alkali-borate glasses, most probably a minor number of “loose™ BQ, triangles
(a) and “loose” BO, tetrahedra is present too.

Borate glasses containing 20 mol %, mixed potassium oxide and alkaline-
earth oxide show Raman spectra in which the peak at about 806 cm™! is rela-
tively stronger than in the spectrum of the glass of composition 0-20 K,0 .
0-80 B,O; (cf. figs 3.19 and 3.15). This suggests that more boroxol groups are
present in the mixed glasses than in the unmixed systems. That means that in
the mixed systems there is a tendency to the formation of borate groups with
a higher cation-to-boron ratio than of the tetraborate groups (gsc,), when one
alkaline-earth ion is counted as equal to two alkali ions. The Raman spectra
of the mixed systems further reveal the presence of BO, wunits, as can be ex-
pected, but do not allow a decision as to the type of borate group in which
these BO, tetrahedra are incorporated. It is not clear why the replacement of
BaO by K,0 should lead to a glass structure at the composition 0-10 K,O0 .
0-10 BaO . 0-80 B,0O, with more boroxol groups than in the unmixed glasses.
It may mean that this effect shows the instability of the tetraborate groups
{asc,) in barium-tetraborate glass.

The spectra of the glasses of composition 0-33 SrO . 0-67 B,0,, 0-30 BaO .
0-70 B,O, and 0-30 CaO . 0-70 B,O, are rather similar to the spectra of the
glasses of composition 0-30 Na,O . 0-70 B,O; and 0-30 K,0 . 0-70 B,O; {cf.
figs 3.21, 3.20, 3.14 and 3.15). This suggests a structural similarity of the glasses,
and that in the case of the alkaline-earth-borate glasses also six-membered
borate rings (a,¢,) are formed. Block and Piermarini 3*®) have shown that in
vitreous and crystalline barium borates around the diborate composition, the
shortest Ba-Ba distance is about equal in both cases. This suggests that the
same types of borate groups are present in the crystal and in the glass. The
BaO .2 B,0, crystals contain di-triborate {ac,) and di-pentaborate groups
{(asc,), so perhaps the same types of groups are present in vitreous 0-30 BaO.
0-70 B,O;. However, the X-ray results may also be explained by supposing
that diborate groups (a,c,) are formed. The Raman spectra support this view.

A Raman spectrum of a glass of composition 0-33 SrO . 0-67 B,0; could
be obtained. The compound SrO .2 B,0; has a crystal structure deviating
somewhat from other borate compounds of this composition, which is reflected
in its Raman spectrum. Due to the low similarity of the spectra of vitreous and
crystalline SrO . 2 B,O, it may be concluded that no structural units are pres-
ent in the glass that resemble the units in the crystal. This is confirmed by
infrared spectroscopy.

Influence of Al,04

The influence of increasing amounts of Al,O, on the Raman spectra is
shown in figs 3.22 and 3.23. For the glass of composition 0-20 K,0 . 0-80 B,0,



one may observe that the addition of 10 mol % Al,O4 results in an increase
of the peak at 806 cm™* and a decrease of the peak at 770 cm™* (cf. figs 3.15
and 3.22). Adding 20 mol % Al,O; results in the disappearance of the peak at
770 cm~! in the Raman spectrum (fig. 3.22). This means that the addition of
AlLLO; leads to a decrease in the amount of BO, tetrahedra and a back forma-
tion of boroxol groups. Al,O,, probably incorporated in the structure as AlO,
units, unfortunately does not produce new peaks in the Raman spectra in the
wavenumber range studied, so that this hypothesis cannot be directly checked.
The effect of the addition of up to 40 mol % Al,O; to a glass of composi-
tion 0-30 K,O . 0-70 B,O; is also shown in fig. 3.22. The spectrum of the base
glass is shown in fig. 3.15. In this case also the BO, units are most probably
replaced by AlQ, units, and boron ions are present in boroxol groups.
Addition of increasing amounts of Al,O; to a glass of composition
0-15 Li, 0. 0-15 Na,0 . 0-15 K,0 . 0-55 B,0O; leads to the disappearance of
the unidentified peak at 540 cm™* (cf. fig. 3.23). The spectrum of the glass
with 30 mol 9 is difficult to interpret completely. It becomes clear that BO,
units are still present and that back-formation of boroxol groups has probably
not taken place. The peak at 620 cm™? is probably due to ring-type metaborate

groups (b3).
3.3.3. Semiquantitative discussion of results

Introduction

Krogh-Moe **%) and Bray and O’Keefe 34%) have concluded from the
results of their n.m.r. measurements that the excess of oxygen ions in borate
glass, introduced by alkali oxide up to a content of about 30 mol ¢ alkali
oxide, are exclusively used for the formation of BO, tetrahedra. Only beyond
this composition will part of the excess oxygen ions be used for the formation
of non-bridging oxygen ions.

In his work on the structural interpretation of melting-point depression in
sodium-borate melts, Krogh-Moe 3-43) has concluded to the presence of
boroxol (a3), tetraborate (agc,) and diborate groups {a,c,) in the melt up to
about 33 mol % Na,O. The concentration of these groups depends on the
composition of the melt.

Beekenkamp 3-5°) has proposed a hypothesis for the structure of alkali-
borate glasses which enabled him to explain qualitatively the viscosity, electrical
conduction, optical absorption and thermal expansion versus composition
behaviour of borate glasses. In this model the following assumptions were
made:

— BQ, tetrahedra cannot be bonded to each other,
— mnon-bridging oxygen ions occur only in BO; triangles and are absent in
BO, tetrahedra.



Except for these rules this model is essentially a random-network model. In
this model it is further proposed that from about 15 mol % alkali oxide on a
significant amount of non-bridging oxygen ions is gradually formed. The rela-
tive number of boron ions in four-coordination by oxygen N, is given by the
semi-empirical formula

X 1
100 —x 1 + exp (0-115 x — 4-8)

N,

in which x is the mol percentage alkali oxide. The values of N, that can be
calculated in this way do not differ greatly from the proposals by Krogh-
Moe 3-43:4%) and Bray and O’Keefe 3-49),

The Raman spectra shown in this chapter clearly indicate that up to about
30 mol %, alkali oxide no significant amount of ring-type metaborate groups
are formed. This result is fairly consistent with the n.m.r. data of Krogh-
Moe 37%°) and Bray and O’Keefe ). It also fits in with the results of the
melting-point depression, discussed by Krogh-Moe 3*3), From the Raman
spectra the presence of a,c, groups cannot be excluded. The melting-point-
depression results, as discussed by Krogh-Moe >~43), exclude the presence of
loose triborate groups (a,¢) in sodium-borate melts. From the Raman spectra
it becomes clear that pentaborate groups (a4c¢) are not formed in any significant
amount, which is in accordance with the conclusions of Krogh-Moe 3-43) of
the melting-point-depression data and the X-ray work on silver-borate and
caesium-borate glasses (Willis and Hennessy 3-3') and Krogh-Moe —52)) that
revealed pair formation of the cations in these glasses, supporting the idea that
tetraborate groups (asc,) are formed in the appropriate composition area.

According to Beekenkamp’s *~5%) formula for N, at 30 mol % alkali oxide,
9% of the boron ions should be bonded to a non-bridging oxygen ion. If this
formula for N, is correct then these boron triangles with a non-bridging oxygen
ion should be a part of a borate group, as for instance the diborate group,
rather than be grouped together in ring-type metaborate as suggested by the
Raman spectra. This remains a problem because it is not known how the
presence of a non-bridging oxygen ion in a large borate group influences the
vibrational frequencies of this borate group. If indeed 99 of the boron atoms
is bonded to a non-bridging oxygen ion, and if, according to Krogh-Moe 3-43)
the melt at 30 mol % Na,O primarily contains diborate (a,¢,) and tetraborate
groups {gsc,), then on average one in every two to three diborate groups (a,¢,)
is disturbed, and practically all the tetraborate groups are disturbed.

The general qualitative conclusion may be that the Raman spectra are fairly
consistent with the work of Krogh-Moe *—#%) showing the presence of boroxol
(as), tetraborate (ggs¢,) and diborate groups (a,c,) in borate melts up to about
30 mol % sodium oxide. The Raman spectra also fit in well with the n.m.r.
data of Krogh-Moe *~47) and Bray and O’Keefe 3-49),
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Discussion

For the presence of certain groups in borate glasses three equations can be
derived between a number of variables that will be defined below:

a+b+c+d+...=1,
Pad+ppb+p.c+pd+...=N,,

ga@+ gpb+gec+qad + ... = x/(1 —x),
in which

a,b,c,d...arethe fractions of boronions in different types of borate groups,

DPas Pvs Pes Pas - - - are the fractions of the boron ions of a certain type of borate
group that are in four-coordination by oxygen ions,

Gas Gy Gcs 9as - - - are the alkali-to-boron ratios of different types of borate groups,

N, is the total relative amount of boron ions in four-coordination of oxygen

ions,

x is the mol fraction of alkali oxide,

1 — x is the mol fraction of boron oxide.

For example, if ¢ stands for the fraction of boron ions present in diborate
groups, then p, = 1 because diborate groups are built up of two BO, tetra-
hedra and two BO; triangles, and g, = 4 because the diborate group con-
tains 4 boron ions and 2 alkali ions.

For the values of x = 0-17, 0-20, 0-33 and 0-50, calculations will be given
for the relative presence of certain groups and the possible variation in this
amount.

x =017

From the qualitative discussion in sec. 3.3.2 it has become clear that mainly
six-membered rings with a BO, tetrahedron are formed. These rings can be
present as triborate groups (a,c) or tetraborate groups (a¢c,). Hence at
x = 0-17 the most probable groups and units are boroxol (a;), triborate (a,c)
and tetraborate groups (asc,), “loose” BOj; triangles (@) and “loose” BO, tetra-
hedra (c) not present in a six-membered ring.

If a is the fraction of boron ions in boroxol groups, b the fraction in tri-
borate groups, ¢ the fraction in tetraborate groups, d the fraction in “loose”
BO; triangles and e the fraction in “loose”” BO, tetrahedra, then the equations
become

at+bt+ct+dt+e=1,
1b+1c+e=N,=x/(1—x)=~ 020.

If c=d=e =0, then a = 040 and b = 0-60. Hence, the ratio boroxol
groups/triborate groups = %, which is very reasonable in comparison with the
Raman spectra.
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If ¢ =020 and d = e = 0, then b == 0-45 and « == 0-35. Hence the pro-
portion boroxol : triborate : tetraborate = 0-35/3 : 0:45/3 : 0-20/8 ~2 40 : 51 : 9.
This proportion is also not unreasonable in comparison with the spectra.

If ¢ = 0:50 and d = e = 0, then & = 0-225 and @ = 0-275. Hence the pro-
portion boroxol : triborate : tetraborate = 0-275/3 : 0-225/3 : 0-50/8 =~ 40 : 33 :
27. This proportion does not fit in so well with the spectra because according
to this result the boroxol peak in the spectrum should have about % the height
of the peak at 770 cm~!, which is not the case.

The conclusion from the above calculations can be that borate glass at
x == (17 may be built up of a major number of boroxol and triborate groups
and a minor number of tetraborate groups. However, these calculations are
uncomplete becanse d and e were always taken zero.

The calculations will now be confined to a model of the structure with boroxol,
tetraborate groups, “loose” BO; units and “loose” BO, tetrahedra. Hence the
equations become

at+c+d+e=1,

tc+d= Ny~ 020

Ifd=0, then ¢ = 080 and g + e == 0-20; if ¢ = O then @ = 0-20 and the
proportion boroxol : tetraborate = 0-20/3 : 0-80/8 == 40 : 60. This proportion
does not fit in so well with the spectra because according to this result the
boroxol peak in the spectrum should have about  the height of the peak at
770 cm™1, which is not the case. Thus the network is not built up of boroxol
and tetraborate groups only. A small increase of e would sufficiently correct
the above result.
If d =01, then ¢ = 0-40 and a + ¢ = 0-50, if ¢ == 0 then a = 0-50. This
result does not fit in with the spectra because the calculated relative number
of boroxol groups is too high. If ¢ = 0-30 then a == 0-20. Then the proportion
boroxol : tetraborate : BO; : BO, == 0-20/3 : 0-40/8 : 0-1 : 0-30 &~ 13:10:20:67.
This result fits in with the spectra, although the total number of boroxol and
tetraborate groups seems too low.
The conclusion from these calculations at x = 0-17 is that the network is
built up of
(1) a major number of boroxol groups and triborate groups and a minor num-
ber of tetraborate groups, or

(2) a major number of boroxol and tetraborate groups with at the same time
a reasonable number of “loose” BO, triangles and a small number of
“loose™ BO, tetrahedra.

This discussion on the structure is continued for the composition with x = 0-20.

x =020
At x = 0-20 the most probable groups are boroxol (a;), triborate (a,¢),
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tetraborate (agc,), diborate (a,¢,) and possibly a few metaborate groups ().
BO; triangles (a) and BO, tetrahedra (c) may be present as “loose” units, not
belonging to a typical borate ring.

Analogous to the calculations at x == 0-17, first 4 and e will be taken zero.
The equations then become

at+btetftg=1,

Yo+ de+3f=N,

tb+tc+if+g=x/(l—x) =025
in which f is the fraction of boron ions in diborate groups and g the fraction
of boron ions in metaborate groups.

According to Beekenkamp 3-39) N, = 0-23, hence g = 0-02 aﬂd the equa-
tions become

a-+ b+ ¢ f==0098,
b+ 4c+1f=023

If ¢ =f =0, then b = 0-69 and a = 0-29. In this case the ratio boroxol
groups/triborate groups fits in with the spectra.

If ¢ =020 and f= 0, then b = 0-56 and a == 0-22. The proportion then
becomes boroxol : triborate : tetraborate : metaborate = 0-22/3 : 0-56/3 :
0-20/8 : 0-02/3 ~» 25 : 65 : 8 : 2. This proportion is quite reasonable.

If ¢ = 0-50 and f = 0, then b = 0-315 and a = 0-165. The proportion then
becomes boroxol : triborate : tetraborate : metaborate = 0-165/3 : 0-315/3 :
0-50/8 : 0-02/3 ~ 24 : 46 : 27 : 3. This result does not fit in well. Compared
to the spectra the calculated number of boroxol groups is too small.

Ib=f=0, then ¢ = 092 and & = 0-06. The ratio boroxol groups/tetra-
borate groups then becomes about £, which is too low compared to the spectra.

If =0 and f= 01, then ¢ = 0-56 and a = 0-32. The proportion then
becomes boroxol : tetraborate : diborate : metaborate = 0-32/3 : 0-56/3 :
0-10/4 : 0-02/3 ~ 33 : 57 : 8 : 2. This proportion is reasonable cempared to
the spectra.

If b==0 and f= 02, then ¢ = 039 and a = 0-39. The proportlon then
becomes boroxol : tetraborate : diborate : metaborate = 0-39/3 : 0-39/3 :
0-20/4 : 0-02/3 ~ 41 : 41 : 16 : 2. Compared to the spectra the number of
calculated boroxol groups is too high.

For the case that d = ¢ = 0 the conclusions on the structure of borate glass
are as follows:

(1) a major number of triborate groups is present, a reasonable number of
boroxol groups and small numbers of diborate and metaborate groups, or

{2) a major number of tetraborate groups is present, a reasonable number of
boroxol groups (somewhat higher than under (1)) and small numbers of
diborate and metaborate groups.
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Now the situation will be looked at in which d and/or e are unequal to zero.
If b =f =0 and g = 0-02 then the equations become

a+c-d+ e =098,
e+ d=020.

If d =0, then ¢ = 0-80 and g + ¢ = 0-18. If ¢ = 0-05 then g = 0-63. The
proportion then becomes boroxol : tetraborate : BO; : BO, : metaborate =
0-13/3 : 0-80/8 : 0-25 : 0 : 0-02/3 a2 21 : 50 : 25 : 0 : 4. Compared to the spectra
the calculated numbers are reasonable.

Ifd = 01, then ¢ = 0-40 and ¢ + e = 0-48. If ¢ = (-40 then g = 0:08. The
proportion then becomes boroxol : tetraborate : BO; : BO, : metaborate =
0-08/3:040/8 : 0-1 :0-4:0:02/3~6:8:17:68:1. Compared to the spectra
the calculated ratio boroxol groups/tetraborate groups is reasonable, but the
total calculated number of these groups seems relatively low.

The conclusion from the calculations with » = 0 and 4 and e unequal to
zero is that the structure indeed may be built up of a major number of tetra-
borate groups, a minor number of boroxol groups, a minor number of “loose™
BO; triangles, and a small number of “loose” BO, tetrahedra and metaborate
groups.

As is discussed in sec. 3.3.2 this last conclusion is the most probable when
other results are also taken into account.

x ==0-33

At x = 0-33 the most probable groups are tetraborate (a4c,), triborate (a,¢),
diborate (a,c,) and metaborate groups (b;), and “loose” BO; triangles (@) and
“loose” BO, tetrahedra (c).

If the concentration of triborate groups (a,¢) and “loose” BO; triangles and
“loose™ BO, tetrahedra is taken zero, then the equations become

c+ft+g=1,
e+ 3f= N,
e+ if4 g =x/(1 —x)=050.

If N, == 032, according to Beekenkamp, then g = 0-18 and the equations
become

¢+ f= 082,

e+ 3/=032
giving ¢ == 0-36 and f = 0-46. Then the proportion becomes tetraborate : di-
borate : metaborate ~ 21 : 52 : 27.

If we compare the results of these calculations with the actual Raman spectra,
then the impression arises that if non-bridging oxygen ions are present in borate



glasses up to 33 mol 9 alkali oxide according to the formula given by Beeken-
kamp, these cannot be grouped together to a large extent in ring-type meta-
borate groups (bs). Based on the Raman spectra, the presence of non-bridging
oxygen ions connected to borate groups cannot be excluded but n.m.r. and
melting-point-depression-data, discussed earlier, do not suggest this presence
in a significant amount in sodium-borate glass of thiscomposition. The conclusion
is that the value of N, given by Beekenkamp is probably too low at x = 0-33.

The Raman spectra of sodium- and potassium-borate glasses at x = 0-30
indicate the presence of only a very small number of metaborate groups (b,).
Hence g will be taken zero in the calculations below. This means that no tetra-
borate (agc,) and triborate groups (a,¢) can be present, if no groups are present
with a sufficiently high alkali-to-boron ratio.

Thus, if no groups are present with a higher alkali-to-boron ratip than 0-5,
then the network must mainly be built up of diborate groups (a,¢,) and a minor
number of “loose” BO, triangles and “loose” BO, tetrahedra (¢). However,
crystalline Na,0 . 2 B,0; and K,0 . 2 B,0; contain groups with six-mem-
bered borate rings with two BO, tetrahedra in the ring. Therefore, di-triborate
groups {ac,) may be present in the glasses of this composition. Some calcula-
tions are given below for the situation that the network is built up of diborate
groups (a,c,), di-triborate groups {(ac,), “loose” BO; triangles and “loose” BO,
tetrahedra. If 4 is the fraction of boron ions in di-triborate groups (ac,), then
the equations become (N, is taken 0-50, this is the maximum valué)

d“l”e—}"f’i“k:l,
e+3f+%h=N,= 0350

If e = 0-1, then the equations become

d+f+h=09,
3 f+ % h =040
If 4 == 01, then
d+f=08,
31f=033,
which yields d = 0-14 and f == 0-66.
If h = 03 then
d + f= 070,
3 f=020,

which yields d = 0-30 and f == 0-40.
These calculations learn that di-triborate groups (ac,) may indeed be present
if a reasonable number of “loose” BO; triangles is present at the same time.



x == (50

At x == (-50 the most probable groups are orthoborate (b"’), pyroborate
(b;'"), metaborate (b,), diborate (a,c,), di-triborate groups (ac,), “loose”™ BO;
triangles (@) and “loose™ BO, tetrahedra (c).

Suppose that the fractions of boron ions in orthoborate and pyroborate
groups are respectively { and j. According to Beeckenkamp N, == 0-28 at
x == 050,

If d = e = h = 0, then the equations become

ftg+it+j=1,

3f=N,= 028,

2+ g+ 3+ 2 = x/(1 — x) = 1-00.
This yields f = 0-56 and the equations become

g+ 3+ 2j =072,
hence
2i -+ j = 0:28.

Thus, if i = 0-10, then j = 0-08 and g = 0-26.

Compared to the spectra this value of g (metaborate groups) is too high.
Other reasonable values of 7 and j give also too high values of g. A higher
value of N, would decrease the calculated fraction of metaborate groups. This
would fit in better with the spectra. Lower values of g are also obtained if the
presence of “loose” BO; triangles with one non-bridging oxygen ion (b) is
allowed.

The presence of di-triborate groups (ac,) would also give rise to too high
values of g. This means on the other hand that the presence of di-triborate
groups (ac,) is not very probable. The presence of “loose” BQ, triangles (a)
would lower the value of g.

The conclusion from these calculations is that at 50 mol 9 alkali oxide the
network contains a reasonable number of diborate groups (¢;¢;) and minor
numbers of orthoborate units (b"""), pyroborate groups (b,”), “loose” BO,;
triangles (a), “loose” BO, triangles with one non-bridging oxygen ion (b) and
a small number of metaborate groups (b;). A small number of “loose” BO,
tetrahedra (¢) cannot be excluded.

3.3.4. Conclusions

All the results of the Raman spectroscopy of borate glasses are summarized
in table 3-1. This table gives a qualitative impression of the presence of borate
groups in several composition areas.
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TABLE 3-1

The presence of borate groups in alkali-borate glasses in several composition
arcas

0-20 mol % R,0O 20-35 mol % R,0 35-50 mol %, R,0
boroxol (a;)

tetraborate (as¢,) diborate (a,¢,)
tetraborate (ag¢,) diborate {(a,¢,)

“loose” BO, triangles (@)  “loose” BO; triangles (@) metaborate (b,)

“loose” BO, tetrahedra (¢) “loose” BO, tetrahedra (¢} pyroborate (5,”)
orthoborate (b"'")
“loose” BO, triangles
(a) :

“loose” BO, triangles

®

Raman spectroscopy of sodium- and potassium-borate glasses has proved the
gradual decrease of the number of boroxol groups () in the composition area
0-25 mol % alkali oxide. In this same composition area tetraborate groups
(asc») are formed primarily on increase of the alkali-oxide content.

Somewhat before the 20 mol 9 alkali oxide, borate groups are formed with
a higher cation-to-boron ratio than in tetraborate groups. Raman spectroscopy
does not reveal the nature of these groups exactly, but probably these are di-
borate groups {a,¢;).

At about 30 mol 9/ alkali oxide the borate glasses contain only a very small
number of ring-type metaborate groups (b3). From 40 to 50 mol 9% alkali
oxide the formation of orthoborate units (b"") and pyroborate (b,”) groups is
clear. At 50 mol %, alkali oxide the ring- and chain-type metaborate groups are
not the most abundant groups. The BO, tetrahedra are probably mainly present
in diborate groups (a,¢,).

Due to the increase in line width of the bands in the spectra of 'the glasses
compared to the spectra of the crystalline borates it is clear that the borate
groups in the glasses are distorted. This distortion may take place in the bond
angles and the lengths of the B-O bond. These distortions will not be the same
for every borate group. From the Raman spectra it does not become clear how
manynon-bridging oxygen ions connected to the borate groupsare formed. It may
be, as in the triborate groups (abc) in the compound Na,O . 2 B,0,, that this
type of non-bridging oxygen ions is present in increasing amounts in borate
glasses with more than about 20 mol 9% alkali oxide. This would explain the
viscosity and thermal expansion versus composition behaviour of these borate
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glasses.

Raman spectra of alkaline-earth-borate glasses show much similarity to those
of corresponding alkali-oxide glasses. At 20 mol % BaO or CaO and 80 mol %
B,0; no boroxol groups (a,) are present, most probably tetraborate groups
(asc,) are predominant in the glasses of this composition. At 30 mol % BaO
and CaOQ, it is primarily borate groups with BO, tetrahedra that are formed,
although it can, however, not be decided what type of borate groups is present
in alkaline-earth (Ca and Ba) borate glasses of this composition. Most probably
these groups are diborate groups (a,¢,).

Introduction of Al,Oj; in borate glasses with up to 30 mol %, alkali oxide,
clearly leads to a decrease in the number of borate groups containing BO, tetra-
hedra. Boron ions are again primarily present in boroxol groups (¢;) when enough
Al,O4 is added to remove all the alkali oxide from the borate groups. In borate
glasses with a higher alkali-oxide content it is not clear how addition of Al,O,
affects: the borate network. There is no proof that boroxol groups (a;) are
formed again in this composition area.

The Raman specira of the borate glasses indicate the presence of boron ions
in large borate groups. However, based on the Raman spectra it is also probable
that a small part of the boron ions is incorporated in a more random network
of “loose” BO; triangles (@) and “loose” BO, tetrahedra (c) not present in a
typical borate ring.

3.4. Raman spectra of silicate glasses

3.4.1. Experimental results

The Raman spectra of some vitreous silicates are shown in figures 3.25 to
3.27. Some spectra of potassium-aluminosilicate glasses are shown in fig. 3.28.
All Raman spectra were recorded at room temperature, as a linear function of
the wavenumber. For excitation the 632-8-nm ling of a 6-mW He~Ne laser was
used. The band width was always 10 cm™*. For more details about the equip-
ment the reader is referred to sec. 2.2.

Numbers in the Raman spectra close to the peaks show the position of the
maxima of these peaks in cm™*. In all spectra the direction of the incident and
scattered light is shown, using the symbols explained in sec. 2.2.

3.4.2. Discussion of results

Raman spectra of vitreous silica and sodium-silicate glasses have been
published by Hass 3—3%) and of lithium-, sodium- and potassium-silicate glasses
by Etchepare *~—34). Therefore only a small number of spectra of silicate glasses
were measured by the author.

Hass 3-53) interpreted the Raman spectrum of vitreous silica as follows.
The band observed at about 1055 cm™?! is assigned to a vibration in which the
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Fig. 3.25, Raman spectra of glasses in the system x K,0 . (1 — x) 8iO,, (direction x(zz + zx)p).

bridging oxygen ions move in the opposite direction to their Si neighbours.
The band at about 800 cm™* is assigned to a “bond-bending” type of motion
in which the oxygen ions move approximately at right angles to the Si-Si lines
and in the Si~O-S8i planes. At lower frequencies the peaks are not well defined,
as the modes are no longer thought to be localized. However, the large peaks
at 495 and 435 cm™! may be taken as characteristic of the Si0, tetrahedron
without non-bridging oxygen ions.

It is interesting to compare the spectra of the silicate glasses with those of the



— T —

0-20Na,0.010Ca0.
0-70Si0,

i dnad

Aadihid

0-30Na,0.070Si0;

955 300

425
0-45K50.0555i0;

L

1

i L H i 1

800 600 400 200

600 W00 1200 1000
Wavenumber fcrn™) s

Fig. 3.26. Raman spectra of silicate glasses (direction x(zz -+ zx)y).

silicate compounds. In fig. 3.25 spectra are shown of potassium-silicate glasses.
Comparison of the spectrum of the glass of composition 0-30 K,0 . 8-70 SiO,
with that of the compounds a-Na,O . 2 SiO, and Li,0 . 2 SiO, reveals a high
degree of similarity (figs 3.25 and 3.10, cf. the large peaks at 530-550 cm~! and
at 1080-1100 cm~—*). This suggests that glass of composition 030 K,O.
0-70 Si0, has primarily structural units similar to those in the disilicate com-
pounds. The spectra of the glasses of composition 0-30 K;0.0-70 Si0Q,,
0-30 Na,0 . 0:70 8i0, and 0-20 Na,0.0-10 Ca0Q.0-70 Si0, (figs 3.25 and
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Fig. 3.27. Raman spectra of glasses in the system 020 K,0.x MgO . (0-80— x) SiO,
(direction x(zz + zx) »).

3.26) are all highly similar, which suggests that in all these glasses the main
structural units are similar to those in the disilicate compounds so that prima-
rily S8iO, tetrahedra with one non-bridging oxygen ion are present in them, The
small peak at 950 cm™! in the spectrum of the CaO-containing glass reveals
the presence of SiQ, tetrahedra with two non-bridging oxygen ions.

The spectrum of the glass of composition 0-45K,0.0-55 SiO, shows
similarity with the spectra of the metasilicate compounds Na,O . SiO, and
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Fig. 3.28. Raman spectra of aluminosilicate glasses (direction x(zz + zx)y).

K,O . 8Si0, (figs 3.26 and 3.10, cf. the large peaks at about 950 cm~! and at
590 cm™1). Thus, the presence of SiO, tetrahedra with two non-bridging oxygen
ions is indicated. The presence of SiO, tetrahedra with one non-bridging oxygen
ion is also indicated.

Some spectra of binary barium- and strontium-silicate glasses, published by
Etchepare 3-5%) evince a highly similar behaviour compared to those of the
alkali-silicate glasses. Again, around 30 mol % BaO the presence of disilicate
units is indicated and, with increasing amounts of BaO and SrO, the spectra
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acquire characteristics of those of metasilicate compounds. Thus, up to about
30 mol %, mainly SiO, tetrahedra with one non-bridging oxygen ion are
formed and, from 30 mol %, onwards these are gradually replaced by those
containing two non-bridging oxygen ions. This behaviour is confirmed for
Ca0- and MgO-containing glass systems in this thesis (cf. figs 3.26 and 3.27).

From these Raman spectra of the silicate glasses it cannot be decided how
far the structure of the disilicate and metasilicate crystals is retained in the
glass. So it cannot be decided that in glass around the disilicate composition
the rings of Si0, tetrahedra are also primarily present as in the compounds,
although this may be the case. The spectrum of vitreous SiO; shows no un-
equivocal similarity to that of its polymorphs. Thus it cannot be decided from
the Raman spectrum that the types of groups in vitreous Si0, are very much
like those in one of its crystalline polymorphs.

Mozzi and Warren *~57) in their X-ray study on the structure of vitreous
Si0, have found that most probably the silicon-oxygen-silicon bond angles
vary within about 10%; of their maximum in the distribution. This distribution
of bond angles is wide enough to distinguish the structure from a crystalline
arrangement, but is rather narrow compared to a completely random distribu-
tion of bond angles. Thus the structure of vitreous silica is quite uniform at
short range, although there is no order beyond several layers of tetrahedra,
corresponding to 20 to 30 A. So it is not so strange that the Raman spectrum
of vitreous silica is somewhat reminiscent of the spectra of its crystalline poly-
morphs.

From X-ray analysis the distribution of alkali or alkaline-earth ions in silicate
glasses is uncertain. However, there is enough evidence to show that these ions
are not uniformly distributed, but that their average nearest-neighbour separa-
tion is considerably less than for a uniform distribution. This situation is also
found in crystalline Li,O .2 Si0O, and «-Na,O .2 SiO, where the alkali-ion
nearest-neighbour distances are definitely less than if the ions had been dis-
tributed uniformly. Thus there may be a tendency in alkali-silicate glasses of
roughly disilicate composition to form the same type of structure as in the
corresponding crystals. This picture is supported by the Raman sj)ectra.

Some spectra of potassium-aluminosilicate glasses were recorded to investi-
gate a possible similarity in the structure of aluminosilicate and borosilicate
glasses (cf. fig. 3.28). A number of Raman spectra of sodium-aluminosilicate
glasses were published by DiSalvo et al.3-%9), In general the Raman spectra of
the sodium- and potassium-aluminosilicate glasses show a high degree of
similarity for equal alkali-oxide content. The fact that the spectra of the alumino-
silicate glasses do not differ very much from those of silicate glasses snggests
that the structure of silicate glasses does not change much on the introduction
of aluminum ions. This is consistent with general ideas on the structure of
aluminosilicate glasses. It is believed that the aluminum ions are tetrahedrally



coordinated by oxygen ions when enough alkali ions are present for charge
compensation and that these tetrahedra are situated in the network where the
8i0, tetrahedra may also be present, in a manner analogous to the structure
of many crystalline aluminosilicate compounds.

3.4.3. Conclusions

From the Raman spectra of alkali- and aikaline-earth-silicate glasses it be-
comes clear that the addition of up to about 30 mol 9 alkali or alkaline-earth
oxide to SiQ, leads to the formation of SiO, tetrahedra with one non-bridging
oxygen ion. The Raman spectra support X-ray experimental evidence that
silicate glasses of roughly disilicate composition also show a somewhat sheet-
like structure as in the crystalline disilicate compounds. This means that the
structure is more ordered than a random network of 8iO, tetrahedra suggests.

From about 30 to 45 mol %, alkali or alkaline-earth oxide the units with
one non-bridging oxygen ion are gradually replaced by those containing two
of these oxygen ions. In this case, too, the Raman spectra do not contradict
a certain ordering of the Si0, tetrahedra, like that found in metasilicate com-
pounds.

3.5. Raman spectra of borosilicate glasses

3.5.1. Experimental results

The Raman spectra of a large number of borosilicate glasses are shown in
figs 3.29 to 3.65. This concerns borosilicate glasses containing Li,O, Na,O,
K.,O separately, Na,O and K,O mixed, Ca0 and BaO. In addition a number
of spectra of glasses containing Al,O; are shown. All Raman spectra were
recorded at room temperature; for more details about the equipment used see
sec. 2.2, and for other experimental details sec. 3.3.1.

3.5.2. Discussion of results

The discussion of the experimental results will gradually proceed from glasses
with a low SiO, to those with a higher SiO, content.

Borosilicate glasses with 15 mol %, Si0,

The first series of spectra that will be discussed are the spectra of glasses
with the composition xNa,0.(085—x)B,0,.0158i0,, xK,0.
(0-85 — x) B,O; . 0-15 Si0,, x NaKO. (0-85—x) B,0, . 0-15 Si0, and x Li,0 .
(0-85 — x) B,O; . 0-15 SiO, (cf. figs 3.30 to 3.35). A comparison of the spectra
in series x K,0. (1 — x) B,O; with those of series x X,0 . (0:85 — x) B,O; .
0-15 Si0O, (cf. figs 3.15 and 3.16) reveals the same trend in these spectra with
increasing K,O content of the glasses. In the case of the glasses in the series
xK,0.(0:85—x1¥B,0; . 015 Si0, the decrease of the peak at about 806 cm™!
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Fig. 3.29. Raman spectra of glasses in the system x B,0;.(1— x) SiOz (direction
x(zz + zx)p).

and the increase of the peak at about 770 cm™? is observed again. The small
amount of $i0, seems only to have some influence in the spectrum of the glass
at x = 0-30. So it seems probable that most of the alkali oxide in this com-
position series is used for the formation of borate groups also present in the
binary potassium-borate glasses.

One observes that at x == 0-20 the 806-cm™*! peak has completely disappeared,
hence there are no boroxol groups (as) left in the glass network at this concen-
tration. Probably up to x = 0-20 just as for the binary borate glass, six-
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Fig. 3.30. Raman spectra of glasses in the system x K,O.(0-85— x)B;03.0-158i0,
(direction x(zz + zx)y).

membered rings with a BO, tetrahedron (a,c¢) are formed, which to a certain
extent form tetraborate groups (a¢c,). The presence of a small peak at 630 cm™?
at x = 0-20 indicates the presence of ring-type metaborate groups (ba).

At x = 0-30 one may observe a band around 1100 cm~? which means that
SiO, tetrahedra are formed with one non-bridging oxygen ion. It can be ob-
served, too, that the band around 450-500 cm™*! has its maximum at465cm~* and
468 cm™? respectively for x = 0-20 and x == 0-30 in the series with 0-15 SiO,.In
the case of the binary potassium-borate glasses this band is observed at 480cm™!
and 490 cm™! for x = 0-20 and x = 0-30 respectively (cf. fig. 3.15). This shift
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Fig. 3.31. Raman spectra of glasses in the system x K,0.(0-85— x) B,0;.0:158i0,
(direction x(yz + yx)y).

to lower frequencies in the borosilicate glasses might be explained by taking
into consideration that fused-silica or silicate glass with a low alkali-oxide con-
tent show Raman spectra with a maximum around 450 cm™*. Therefore SiO,
units are probably present with very few non-bridging oxygen ions and even
in small agglomerates with a structure that resembles vitreous silica.

The glass of composition 0-30 K,0 . 0-55 B,0; . 0-15 SiO, contains most
probably a major number of diborate groups (a,c,), similar to the binary
borate glass with roughly the same alkali-to-boron ratio. Ring-type metaborate
groups (b3) are present as indicated by the peak at 635 cm™~?. It is interesting
to compare this spectrum with the spectrum of the glass of composition
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Fig. 3.32. Raman spectra of glasses in the system x K,O.(0-85— x) B,05.0-158i0,
(direction x(zz + zx)p).

020 Na,0 . 0-20 K,0. 045 B,0, . 0-15 8i0, (cf. fig. 3.36). It seems that
there is a tendency with the composition x = (-30 that alkali oxide is used
for the formation of non-bridging oxygen ions in SiQ, tetrahedra prior to the
formation of diborate (a,c,) or di-triborate groups (ac,), thus to the formation
of borate rings with two connected BO, tetrahedra. ;

Comparison of the spectra of glasses containing K,O with those containing
Li,0, Na,0 or NaKO reveals a high degree of similarity. This suggests that
the same types of groups are present as in the corresponding potassium glasses.

It is interesting to note the influence of Al,O; on the presence of certain
groups in this concentration area of the alkali-borosilicate glasses. In figs 3.41
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Fig. 3.33. Raman spectra of glasses in the system x K,0.(0:85— x}B,0;.0:158i0,
(direction x(yz -+ yx)»).

and 3.42 we may observe the effect of adding Al,O; to a glass of composition
0:-10K,0.075B,0; . 0-15 8i0,. It can be observed that the addition of
Al,O; leads to the disappearance of the peak at about 770 cm™* characteristic
of the six-membered ring with a BO, tetrahedron and the reoccurrence of the
peak at 806 cm~1. This probably means that the alkali ions are attracted by
AlLLO; to form AlQ, tetrahedra and consequently boroxol groups (as) are
formed again. No indications are found of the formation of a new strong peak
in the Raman spectra due to the presence of AlO, tetrahedra in the glass. It
is also interesting to note that the addition of twice as much Al;O; as X,0
neither results in the formation of new peaks nor in the disappearance of others.
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Fig. 3.34. Raman spectra of borosilicate glasses (direction x(zz + zx)y).

This probably means that the borate network is not greatly influenced when
more Al,O, than K,0 is added.

The same behaviour of Al,O4 can be observed in figs 3.43 and 3.44 which
show the effect of the addition of Al,O; on the Raman spectra of a glass with
composition 0-10 Na,O . 010 K,0 . 0-65 B,0; . 0-158i0,. Again one may
observe the gradual disappearance of the peak at 770 cm™! and the gradual
rise in intensity of the peak at 806 cm™*. Again it must be concluded that on
addition of Al,0; to this glass, BO, tetrahedra are replaced by AlO, tetrahedra



— B8 —

810

780

010L5,0.0-758,05.0155:0,

780

020Li,0.0-658,0 .0155i0;

P

i 1 i i

1600 400 1200 1000 800 500
Wavenumber e} -——

i

i

200200

Fig. 3.35. Raman spectra of lithium-borosilicate glasses (direction x(zz -+ zx)y).

and boroxol groups {a,} are formed again. Once more no peaks are observed
that can be attributed to AlQ, tetrahedra.

The same trend can be observed in the series x K,0.(0-85 — x) B,O; .
0-15 SiO, to which 0-05 Al,O5 is added (cf. figs 3.45 and 3.46), except that at
x == 0-30 it cannot be observed that boroxol groups are formed again. In this
case one may observe that the peak at 635 cm™! present in the spectrum of the
glass without Al,O; (cf. figs 3.32 and 3.33) practically disappears on addition
of 0-05 ALLO; (cf. figs 3.45 and 3.46). This means that ring-type metaborate
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Fig. 3.36. Raman spectra of borosilicate glasses with increasing amounts of Al,O, (direction
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groups (b;) disappear on addition of 0-05 Al,O;. The band around 1100 cm™*
seems to diminish somewhat too. It would mean that non-bridging oxygen ions
connected with Si0, tetrahedra are removed.

In fig. 3.36 the influence is demonstrated of addition of Al,O; on glass of
composition 0-20 Na,0 . 0-20 K,0 . 0-45 B,0; . 0-15 Si0,. It can be observed
that addition of 0-05 Al,O, more or less leads to a disappearance of the peak
at 940 cm™!, which might be attributed to the disappearance of the orthoborate
unit BO;3~. The bands in the area 970-1070 cm™! are probably due to SiO,
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Fig. 3.37. Raman spectra of borosilicate glasses without and with Al,O3 {two upper traces:
direction x(zz -+ zx)y; two lower traces: direction x(yz + yx)).

units with one and two non-bridging oxygen ions; compare this with the spec-
trum of the glass of composition 045 K,0 . 0-55 Si0O, in fig. 3.26 and with
the Raman spectrum of 0-45 Na,O . 0-55 SiO, published by Etchepare 3-54-5%),
The band at about 625 cm™*! might be due to ring-type metaborate groups (b;)
that do not disappear on the addition of Al,O,. The peak at about 760 cm™*
seems to diminish relatively on addition of Al,Qj, so BO, tetrahedra probably
do disappear. It is not clear what type of borate group is formed after the dis-



9] —

[P

0:20B00.0-20K,0.0-458;0, .0155i0;
1000

040820.0458,0;.0155i0,
+0-05AL03

600 7400 7200 1000 800 600 400 200
Wavenumber (cm™) -——

i

Fig. 3.38. Raman spectra of borosilicate glasses (direction x(zz + zx)y).

appearance of the BO, tetrahedra as no boroxol groups (a;) seem to be present
to a substantial extent. The fact that the 806-cm™" peak does not appear again
does not mean that no boroxol groups (a;) are formed. It may be that these
are indeed formed again but are deformed due to the large number of other
borate groups, thus giving rise to a broad Raman band that cannot be dis-
tinguished from the noise. It may also be that disordered BO; units (a) are
formed. It seems that the addition of Al,O; has also influence on the structural
units containing silicon ions.



— 9

Wavenumber (cm™) ~-—

15792 12545 9178 5684 2056
5600 5500 = 5400 = 5300 5200
Wavelength (A) -—

500

00K,0.010Ca0.0-65550;. x3

0155i0;

015K,0.015Ca0.0-558,0;.
0155i0,

0308a0.0-558,0;.0155i0;

5600 5500 5400 5300 5200
Wavelength (&) ~——
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It can be observed in fig. 3.28, which shows the influence of Al,O; on
potassium-silicate glasses, and from the Raman work of DiSalvo et al.3—5%)
on glasses in the composition triangle Na,0-Al,0;-Si0, that the band around
500 cm™! rises on increasing the ratio Al/K or Al/Na. It can also be observed
that at a ratio Al/K = 1 and Al/Na = 1 the bands around 1000 cm~! have
not disappeared, on the contrary they remain rather strong. It can be observed
that at Al/Na ratios higher than 1 the bands around 1000-1100 cm~! gradually
disappear and that the band at around 500 cm~! moves to around 440 cm~?
for a glass of composition 0-7 Na,O . 1-3 Al,0; . 6 SiO, (DiSalvo et al. 3—5%)).
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Fig. 3.40. Raman spectra of multicomponent borosilicate glasses (direction x(zz + zx)y).

All this information leads to the conclusion that in glass with a composition
0-20 Na,0 . 0-20 K,0 . 0-45 B,0O, . 0-15 S8i0, + 0-30 Al,0, the added Al,O,
influences the silicate units appreciably. It is suggested that an aluminosilicate
network is formed and that the vitreous-silica-like network disappears.

The influence of alkaline-earth ions on the Raman spectra of glasses in the
series with 0-15 SiO, is shown in figs 3.38 and 3.39. Comparison of the
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spectra of the glasses with composition 0-20 K,0 . 0-65 B,0; . 0-15 8i0, and
0-10 K,0.0-10 CaO . 0:65 B,0; . 0-15 SiO, in figs 3.31 and 3.39 reveals the
presence of the 806-cm~* peak as a shoulder of the 770-cm™! peak in the
spectrum of the glass containing CaQ, whereas it is absent in the spectrum of the
glass containing only X,0. This 806-cm~* peak reveals the presence of boroxol
groups (). At the same time it may be observed that the peak at 465 cm~! in
the spectrum of the glass with K,O only shifts to S00 cm™?* in the case of the
CaO-containing glass. Both facts suggest that replacement of K,0 by CaO leads
to the formation of pairs of BO, tetrahedra as found in the diborate {a,¢,) and
di-triborate groups (ac,). The suggestion of pair formation of BO, tetrahedra
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Fig. 3.42. Raman spectra of glasses in the system 0-10K,0.075B,0;.0-15S8i0,; +
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in alkaline-earth-borate glasses was already made earlier by Beekenkamp 3—59).
1t can be observed too, that the replacement of K,O by CaO does not lead to
increased formation of non-bridging oxygen ions connected with SiO, tetra-
hedra as may be concluded from the absence of a band at 1100 cm™1.

Comparison of the spectra of the glasses with composition 0-30K,0 .
0-55 B,0, . 0-158i0, and 0-15K,0.0-15Ca0.0-55 B,0; . 0-15810, also
shows the increase of the peak at about 500 cm™! when K,O is replaced by
CaO. This is also observed for the binary alkaline-earth-borate glasses.

Tt can also be observed that the replacement of K,0 by CaO leads to the
disappearance of the peak at 635 cm™! present in the spectrum of the glass
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Fig. 3.43. Raman spectra of glasses in the system 0-10 Na,O.0-10 K,0 ‘. 0-65 B,05.
0-15 SiQ, + y Al,03 (direction x(zz + zx)y).

containing only K,0. This probably means that ring-type metaborate groups
(b3) disappear, though it cannot be decided that chain-type metaborate groups
(b.) are formed instead. It is recalled that the compound CaO . B,0; contains
the chain-type metaborate group and shows the strongest peak in its Raman
spectrum at 730 cm~? (cf. fig. 3.4). The Raman spectrum of the glass with
composition 0-30 BaO . 0-55 B,0; . 0-15 SiO, shows a close similarity to that
of the glass of composition 0-30 BaO . 0-70 B,0O;. This suggests the formation
of six-membered rings with two BO, tetrahedra.
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From comparison of the spectra of the glasses of composition 0-20 Na,O .
020 K,0 .0-45 B,0, . 0-15 510, (fig. 3.36), 0-40 BaO . 0-45 B,0; . 015 8i0, +
005 Al,O; (fig. 3.37), 0-20 BaO . 0-20 K,0 . 0-45 B,0; . 0-15 8i0, (fig. 3.37)
and the BaO-SiO, glasses (Etchepare *~54:5%)) it becomes clear that the band
at 955-1000 cm™* present in the glasses of composition 0-40 BaO . 045 B,0, .
0-15 Si0, -+ 0-05 A1,0; and 020 BaO.0-20K,0.045B,0,.0-158i0, is
due to the presence of SiO, units with two non-bridging oxygen ions. In general
no significant differences can be observed between the spectra of glasses con-
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taining 40 mol 9 alkali oxide, 40 mol 9 alkaline-earth oxide or 40 mol %,
mixed alkali-alkaline-earth oxides so that probably more or less the same
structural units are present.

It is interesting to look at the spectra of multi-component alkaline-earth-
borosilicate glasses shown in fig. 3.40. The composition of one of the glasses
i89-0K,0 . 2-8 MgO . 16:5 Ca0 . 310 BaO . 25-6 B,0; . 71 Si0, . 8-0 Al,0,;
in the Raman spectrum of this glass one observes a large number of peaks
among which the peak at 920 cm~! and its shoulder at 975 cm™* are the
strongest. The peak at 920 cm™! can be atiributed to the orthoborate BO;3~
unit, the shoulder at 975 cm~?! probably has a connection with SiO, units with
two non-bridging oxygen ions.
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Borosilicate glasses with 35 mol % 8i0,

The discussion on the presence of certain groups will now be shifted to glasses
containing an average amount of SiQ,. In figs 3.47 to 3.50 Raman spectra are
shown of glasses in the composition series x Na,O. (065 — x) B,0;.
0:35 Si0, and x K,0 . (0:65 — x} B,O3 . 035 S8i0,. At low values of x it can
be observed that boroxol groups {(g;) are present as can be concluded from
the presence of the characteristic peak at about 806 cm~!. It can be observed
too that at a low alkali-oxide concentration (x < 0-20) a major amount of
the alkali oxide is used to form borate groups with BO, tetrahedra in a six-
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Fig. 3.47. Raman spectra of glasses in the system x Na,0. (065 — x) B,0,.0-358i0,
(direction x(zz + zx)y).

membered ring. As for the binary borate glasses, these rings may be ordered
to tetraborate groups (as¢,) and diborate groups (a,c,). The absence of bands
around 1100 cm~! and the presence of a band at 475 cm™! probably means
that SiO, is present in fused-silica-like structure. It can be observed too that
at x = 0-20 ring-type metaborate groups (b;) are formed as revealed from the
presence of the characteristic peak at 630 cm™!. At values of x > 0-20 one
observes in glasses of composition 0-30 Na,O . 0-35 B,0O; . 0-35 SiO, (fig. 3.49)
and 0-40 K,0 . 0-25 B,0; . 0-35 Si0, + 0-05 Al,0; (fig. 3.51) the presence of
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Fig. 3.48. Raman spectra of glasses in the system x Na,O. (0-65-— x) B,0; . 0:35 8i0,
(direction x(zz 4 zx)»).

8i0, tetrahedra with one non-bridging oxygen ion, as revealed by the fact that
a peak is present at about 1070 cm~!, The peak at about 750-770 cm™* de-
creases relatively in intensity and the peak at 630 cm~*! increases. This probably
means that more ring-type metaborate groups (b5) are formed relative to borate
groups with BO, tetrahedra.

It should be remarked that there seems to be a resistance to the formation
of diborate (a,¢,) and di-triborate groups {(ac,). This is made clear as follows.
At x = 0-20 the Na/B ratio is 0-44, in the diborate compound Na,0 .2 B,0;
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the ratio is 0-5, One observes that at values of x = 0-20, SiO, tetrahedra with
one non-bridging oxygen ion are formed and that ring-type metaborate groups
too increase in number. Values of x > 020 means that the Na/B ratio in these
glasses is > 0-5 which should necessarily lead to the formation of borate
groups with an Na/B of 0-5 or more (on average) if the Na™ ions are to be
absorbed completely by the borate network.

The band around 700 cm™* may be caused by the diborate group (a,c,) but
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this is not very evident. This band may be caused too by the presence of chain-
type metaborate groups (b,) (cf. the spectra of the compounds Li,O . B,O;
and CaO . B,0; in fig. 3.4). This is also not very likely because the spectra of
the glasses 0-15 Na,0O.0-15Li,0.0-35B,0,.0-358i0, and 0-15Na,O.
0-15 Ca0 . 0-35 B,0O; . 035 8i0, (cf. fig. 3.51), only show a decrease in the
band at about 700 cm~*! compared to the spectrum of the corresponding glass
without Li,O or CaO of composition 0-30 Na,O . 0-35 B,0; . 0:35 SiO, (cf.
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Fig. 3.51. Raman spectra of borosilicate glasses (direction x(zz -+ zx)).

fig. 3.49). The conclusion may be that the origin of the band at 700 cm™* is
not clear.

For the glass of composition 0-115 Na,O . 0-535 B,0O, . 0-35 Si0, the in-
fluence of phase separation on the Raman spectra was investigated. It was
observed that the Raman spectra of a sample prepared by the sol-gel method
and water quenched from the melt and a sample that had developed a clearly
visible phase separation, were identical. It is known from phase-separation
studies of glasses in this composition range that during phase separation a
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borate- and a silicate-rich phase are developed (cf. sec. 1.3). The Raman spectra
now suggest that this phase separation is also present on a very small scale in
these borosilicate glasses that are virtually homogeneous.

This is confirmed by electron microscopy of these samples. Although the
samples were prepared using wet-chemical techniques and the melt was quenched
in water, a phase-separated, irregular structure could nevertheless be observed
by electron microscopy. Thus the Raman experiments suggest that the phase
separation observed is developed by growth of small areas of different com-
position in the glass. The composition fluctuations may already be present in
the melt.
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Borosilicate glasses with 65 mol %, SiO,

The Raman spectra of borosilicate glasses with a high amount of Si0O, are
shown in figs 3.52 to 3.65. In the series of glasses of composition x K,O.
(035 — x) B,0O5 . 0:65 SiO, (figs 3.52 and 3.53) and x K,0.(0-30 — x) B,0; .
0-70 8iO, (figs 3.54 and 3.55) one observes that at low K,O concentration
boroxol groups (a,) are again present as revealed by the presence of the
characteristic peak at about 806 cm™?!. The high peak at about 470 cm™* sug-
gests that SiQ, is present in a vitreous-silica-like structure. The glass of com-
position 0-05 K,0 . 0-30 B,O; . 0-65 SiO, shows in its Raman spectrum (cf.
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fig. 3.52) the presence of a peak at 770 cm~* which reveals the presence of
BO, units in six~-membered rings.

In the spectrum of the glass with composition 0-10 K,0 . (:25 B,0; .
0-65 Si0, a peak is observed at 805 cm~! due to boroxol groups (a3), at
765 cm™! due to the six-membered-ring borate groups (a,¢) and at 625 cm™?
a small peak due to ring-type metaborate groups (b3). The shift of the peak
at 490 cm™! now reveals that the silica network is attacked by X,0, compare
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Fig. 3.55. Raman spectra of glasses in the system x K,0 .(0-30— x) B;O;.0:70 SiO,
(direction x(zz + zx)¥).

with fig. 3.25 in which the spectra of the K,0-8Si0O, glasses are shown. It is
not clear which unit is responsible for the peak at 700 em™!, For this com-
position the X/B ratio is 0-4; it is interesting to note that at this ratio there
are still boroxol groups (a,) present and that part of the alkali ions are bonded
to the silicate network.

In the spectrum of the glass with composition 0-20 K,0.0-15B,0,.
0-65 Si0, one clearly observes a peak at 635 cm~* due to the ring-type meta-
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Fig. 3.56. Raman spectra of glasses in the system 0-10 Na,O.0-10K,0.015B,0;.
0:65 SiO; 4+ y Al,0; (direction x(zz + zx)y).

borate groups (b3). The band at 765 cm™! reveals the presence of six-membered-
ring borate groups (a,c). ,

In the composition series x K,0 . (0-30 — x) B,O; . 0:70 SiO, the same
type of spectra are observed as in the series x K,0 . (0-35 — x) B,0; . 0-65 SiO,
(cf. figs 3.54 and 3.55).

The spectra of the glasses in the composition series x K,O . (0-35 — x) B,O; .
0-65 SiO, to which 0-05 Al,O; is added are shown in figs 3.58 and 3.59. On
comparing figs 3.58 and 3.52 the influence of Al,0; on the spectra for the
direction x(zz + zx)y is evident. It is clear that addition of 0-05 Al,O; to
the glass of composition 0-05 K,O . 0-30 B,O; . 0-65 SiO, leads to the dis-
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appearance of BO, tetrahedra in borate groups as evidenced by the dis-
appearance of the characteristic peak at 770 cm™*,

At x = 0-10 one observes a decrease of the peaks at 770 cm™*, at 700 cm—*
and at 630 em™~!. The spectrum that results shows a reasonable similarity with
the spectrum of the glass of composition x = 005 with no Al,O; present.
This makes it clear that Al takes away the necessary K ions from borate groups
to form probably AlQ, tetrahedra.

The glass of composition 0-20 K,0.0-15B,0; . 0-65 8i0, - 0-05 Al,0,
has probably a decreased content of ring-type metaborate groups (b;) com-
pared to the glass without Al,O;.
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Fig. 3.58. Raman spectra of glasses in the system x K,O0. (035 — x) B,O3 . 065 S8iO, +
0-05 Al,0; (direction x{(zz + zx)y).

In the spectra of the composition series 0-10Na,0.0-10K,0.0:15B,0;.
065 Si0, + y Al,O, the effect can be observed of increasing amounts of
Al,0, (cf. figs 3.56 and 3.57). From fig. 3.56 it becomes clear that increasing
the amount of Al,0; leads to a disappearance of the ring-type metaborate
groups (b3) at about y = 0-15. The spectrum of the glass with y = 0-15 is
very similar to the spectrum of the glass of composition 0-20 K,0 . 0:20 A1L,O, .
0-60 Si0, (fig. 3.28), which probably means that Al ions are present practically
only in AlQ, tetrahedra. The small amount of K,O left is probably used for
BO, tetrahedra in six-membered borate rings as indicated by the presence of a
band at 780 cm~*. Addition of more Al,O, diminishes this band further, see
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Fig. 3.59. Raman spectra of glasses in the system x K,0.(0-35 — x) B,O3 . 0:65 Si0; +
0-05 AL, O; (direction x(yz -+ yx)y).

the spectrum of the glass of composition 0-10 Na,0 . 0-10 K,0 . 0-15B,0; .
0-65 SiO, + 0-20 Al,O,. In this spectrum one cannot observe peaks that are
characteristic of certain borate groups, hence the impression arises that boron
is present in BO, triangles randomly distributed in the network.

The conclusion from the spectra of the glasses containing increasing amounts
of Al,0; can be that in the base glass of composition 0-10 Na,0 . 010 K,0 .
0-15B,0; . 0-65 Si0, between 10 and 15 mol % of the alkali oxide is used
for the formation of ring-type metaborate groups (b;). The rest of the alkali
oxide is probably used for the formation of ring-type six-membered borate
groups with a BO, tetrahedron (g,c,) and SiO, tetrahedra with a non-bridging
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Fig. 3.60. Raman spectra of borosilicate glasses (two upper traces: direction x(zz + zx)y;
two lower traces: direction x(yz + yx)y).

oxygen ion. Electron microscopy of this glass suggests an irregular phase-
separated structure. The composition fluctuations seem to extend over a few
hundred Angstrom. This may suggest that the metaborate groups are agglom-
erated to some extent. Independent of the extent to which the borate groups
are agglomerated the conclusion can be drawn that the tendency to phase
separation extends to a larger area of the sodium-borosilicate system than is
described in sec. 1.3. Another conclusion that can be drawn is that boron ions
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Fig. 3.61. Raman spectra of borosilicate glasses (direction x(zz -+ zx)y).

are not incorporated on a large scale in the silicate network in a way analogous
to the aluminum ion. This is not so strange, as at atmospheric pressure no
crystalline alkali borosilicates could be prepared up to now.

Boron analogues of albite (reedmergnerite, NaBSiyOg) and potassium
feldspar (KBSizOg) have been hydrothermally prepared by Eugster and
Mclver 3-58), reedmergnerite, NaB Si,04 also by Appleman and Clark®—5%), Both
alkali-borosilicate compounds melt incongruently to quartz and glass (Eugster
and Mclver 3-58)), In fig. 3.65 the Raman spectra are shown of the correspond-
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Fig. 3.62. Raman spectra of borosilicate glasses (direction x(zz + zx)y).

ing alkali-borosilicate glasses (0-125 R,0 . 0-125 B,O; . 0-75 8i0,) which
confirm that no BO, units are incorporated in the silicate network but that
primarily ring-type metaborate groups (b3} are formed instead. Eugster and
Mclver also synthesized the boron analogue of the compound Xkalsilite
(KB Si0,). The Raman spectrum of a glass of like composition is shown in
fig. 3.65 and again reveals that BO, is not primarily taken up in the silicate
network.

The results of the Raman spectra in the high-silica range are reasonably
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consistent with the experimental n.m.r. results on borosilicate glasses of Scheerer
et al.>~%%) and Milberg et al.®~%!), They concluded from their *'B n.m.r.
measurements that the alkali oxide is primarily attracted by the borate units.
The measured maximum relative number of boron ions in tetrahedral coor-
dination N, increases with increasing SiO, content at constant alkali-to-boron
ratio when this ratio is above 0-5. At lower ratios all alkali is used for the
formation of BO, tetrahedra, which is consistent with the Raman spectra in
this thesis. The N, values measured by Scheerer et al.3—°) seem somewhat
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too high, anyway three of the measured N, values are higher than the theo-
retical maximum values.

The decrease in line width of the *!B resonance with increasing silica content
is related by Scheerer et al. to a statistical distribution of the boron and silicon
polyhedra. The latter statement is doubted somewhat because the Raman spectra
do indicate a preference of the boron ions for borate grouping. It can be ob-
served that the decrease in line width is the greater the more alkali oxide is
present in the glass. This may also be explained by assuming that in borosilicate
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glasses there is less tendency to form six-membered borate rings with two BO,
tetrahedra. When BO, tetrahedra are separated from each other the dipole—di-
pole interaction becomes less and consequently the line width of the *'B reso-
nance decreases. This latter explanation of the n.m.r. results of Scheerer et al.
is consistent with the Raman spectra referred to in this chapter.

It can be observed that there is no significant difference between the spectra
of sodium-, potassium- and mixed Na~-K-borosilicate glasses of equal alkali-
oxide content. Introduction of Al,O, into these borosilicate glasses, with
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65 mol 9 SiO, also gives the same type of spectra for sodium- and potassium-
borosilicate glasses.

Replacement of sodium and potassium oxide in a glass of composition
0-20 R,0.0-15 B,0, . 0-65 Si0; by Li,O clearly results in different spectra
(cf. fig. 3.61). The peak at about 630 cm™! decreases and ultimately vanishes
at 0-20 Li,O . So the ring-type metaborate groups (b;) are replaced by other
borate groups. Crystalline Li,O . B,0O; is not built up of ring-type meta-
borate groups (b;) but of chain-type groups (b,) with one non-bridging oxygen
ion per BO; triangle. The spectra of the lithium-borosilicate glasses, however,
cannot be reconciled with the presence of chain-type metaborate groups (b,),
although this cannot be altogether excluded.

Substitution of potassium oxide in the same base glass as above by CaO and
BaO shows the same tendency in the Raman spectra as Li,O (cf. figs 3.61 and
3.62). The introduction of CaO seems to diminish the amount of ring-type
metaborate groups (b3) as could be expected because crystalling CaQ . B0,
like Li,O.B,0,, is built up of chain-type metaborate groups (b,). The
Raman spectrum of a glass of composition 0-16 CaO . 0:04 K,0 . 0-15B,0; .
0-65 Si0, (fig. 3.62) does not suggest that chain-type metaborate groups (by)
are formed although this cannot be excluded. As indicated by the rise of the
peak at about 945 cm™! it is suggested that some SiO, tetrahedra with two non-
bridging oxygen ions are present in this glass. In the glasses of composition
0-05 K,0 . 005 Ca0 . 0-25 B,0, . 0465 S§i0, and 0:05K,0.005Li,0.
0-25 B,0O; . 0-65 Si0, the Raman spectra (fig. 3.64) show that probably fewer
ring-type metaborate groups (bs) are present there than in the corresponding
glass with 10 mol %, K,O. There seems to be a tendency to form more six-
membered borate rings with a BO, unit (a,¢) but this is not very clearly visible
in the spectra.

3.5.3. Conclusions

In table 3-II the results are summarized for the three series of glasses with
different SiQ, contents. The Raman spectra of the borosilicate glasses indicate
that below alkali-to-boron ratios of 0-5, all or nearly all alkali ions are used to
form primarily ring-type six-membered borate groups with one or two BO,
groups (a,¢,) that to a certain extent may be ordered to form tetraborate {a4c;)
or diborate groups (a,c,). There seems to be some resistance to the formation
of six-membered borate rings with two BO, tetrahedra (ac,;). On increase of
the alkali-to-boron ratio above 0-5 non-bridging oxygen ions connected to SiO,
tetrahedra are formed in a possibly disilicate-like structure, below this ratio
Si0, seems only to be present in a vitreous-silica-like structure. At alkali-to-
boron ratios above 0-5 significant amounts of ring-type metaborate (b,), pyro-
borate (b,’) groups and orthoborate units (b”') are also formed as in binary
alkali-borate glasses. At alkali-to-boron ratios of about unity there seems to be
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TABLE 3-11

Borate and silicate groups present in alkali-borosilicate glasses

alkali/boron ratio < 0-5 alkali/boron ratio > 0-5

15 mol 9 SiO, boroxol (a3) diborate {a,¢,)
tetraborate {agsc,) Si0, (four bridging oxygen
diborate (a,c,) ions)
8i0, (four bridging oxygen Si0O,~ (one non-bridging oxy-
ions) gen ion)

35 mol % 8i0, boroxol {a3) diborate {a,¢,)
tetraborate (agc,) metaborate (b,)
diborate (a,c,) Si0, (four bridging oxygen

ions)

Si0, (four bridging oxygen SiO,~ (one non-bridging oxy-
ions) gen ion)

65 mol % SiO, boroxol (a;) metaborate (b3)
tetraborate (a4c,) Si0, (four bridging oxygen
diborate (a,¢,) ions)
metaborate (b3) 8i0,~ (one non-bridging oxy-
Si0, (four bridging oxygen gen ion)
ions)

an increase in the formation of ring-type metaborate groups (b;) for the sodium-
and potassium-borosilicate glasses on increase of the SiO, content. There is no
indication that BO, units are incorporated in the silicate network in the same
way as AlO, units.

Part of the boron ions is not present in typical borate rings but as “loose”
BO; triangles and “loose™ BO, tetrahedra, analogous to the binary borate
glasses. The Raman spectra of the borosilicate glasses suggest a cerfain phase-
separated structure of these glasses on a very small scale extending beyond the
usually indicated borders of subliquidus phase separation in these systems. At
low SiO, content the molecules seem to be agglomerated to a vitreous-silica-
like structure. At higher SiO, and Na,0 or K,O concentrations the structure
of the continuous phase resembles that of silicate glasses; in these same con-
centration regions the metaborate groups (bs) seem to be agglomerated too,
as suggested by electron microscopy.
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The introduction of Al,O4 leads to a decrease of borate units with alkali ions
and the probable formation of AlO, tetrahedra. At low alkali-to-boron ratios
the introduction of Al,0; clearly leads to the re-formation of boroxol groups
(as). At higher ratios it is not clear how boron is incorporated in the structure;
it may be that boron is present in a random structure of BO; units (¢) more
or less dispersed over the silicate network. The AlO, tetrahedra seem to be
incorporated in the silicate network.

The presence of SiO, tetrahedra with two non-bridging oxygen ions is ob-
served in borosilicate glasses containing a fair amount of alkaline-earth oxides.
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4. INFRARED SPECTRA OF BORATE, SILICATE AND
BOROSILICATE GLASSES

4.1. Introduction

No theory of vibrations is available for the interpretation of infrared spectra
of glasses, which do not possess long-range order. Therefore a definite inter-
pretation of the spectra of borate, silicate and borosilicate glasses cannot be
given. Although the feasibility of an interpretation of the spectra is low, some
authors have attempted by simple approaches to correlate certain absorption
bands with the presence of certain structural units in glass. For a recent review
of the infrared spectra of glasses the reader is referred to the work of
Neuroth 4-1).

The infrared spectra of a large number of crystalline inorganic borates were
published by Weir and Schroeder 4—2). Borates with complex ring-type groups
generally exhibited spectra of such complexity that only a superficial discussion
was attempted by the authors mentioned. Recently, Frey and Funck #—3%)
successfully applied the concept of group-frequency analysis to the interpre-
tation of some hydrated pentaborate spectra. Up to now this is the only thorough
interpretation of the infrared spectrum of an inorganic crystalline borate avail-
able. The same situation applies to the complex inorganic silicates.

As already stated, the infrared spectra of many borate compounds were
already published by Weir and Schroeder 4~2) but these spectra do not show
the 3000-4000 cm™! area in which hydroxyl groups have their characteristic
vibrations. These hydroxyl groups also show their influence in the 400-1600
cm™! area where the borate vibrations are situated. It is therefore absolutely
necessary to study the complete spectra from 400 to 4000 cm™! if one wishes to
give a critical interpretation of these spectra. A second reason for republishing
these spectra in this thesis is that the spectra of Weir and Schroeder 4~2) and
those given here of the same compounds are not always the same. A third
reason is that in the last decennium the crystal structure of a number of borates
was revealed and in these cases the samples were checked by X-ray analysis and
found to be the same as the ones described. A final reason for republishing the
spectra is that in this thesis the Raman spectra of the same samples are also
published, hence the comparison of these spectra is not devalued by the fact
that the latter are spectra of different samples.

No attempt will be made to interpret the spectra of the crystalline borates due
to the great number of peaks and the complex structure of the borates. It will
only be attempted by comparing the spectra of the glasses with the correspond-
ing crystalline compounds, to postulate the presence of the same type of groups
in the glasses as are present in the crystalline compounds. By this method
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Krogh-Moe #~*) has found indications of the presence of certain borate groups
in the glass that are also present in the crystalline borates.

With the silicates the situation is analogous to that of the borates. In this case
too the spectra of the crystalline compounds will be used to discuss the presence
of certain units in the silicate and borosilicate glasses.

4.2. Infrared spectra of polycrystalline borates and silicates

4.2.1. Experimental results

The infrared spectra of the crystailine borates are shown in figs 4.1 to 4.8.
The spectra of crystalline silicates are shown in fig. 4.9. All spectra are recorded
at room temperature using the KBr technique. All samples are the same as those
used for the Raman investigations. In the tables 1-I and 1-II the crystal struc-
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Fig. 4.1. Infrared spectra of polycrystalline orthoborates.
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Fig. 4.2, Infrared spectra of polycrystalline pyroborates.

ture of the compounds is indicated. For information on the experimental
equipment, see sec. 2.2,

4.2.2. Discussion of results

The infrared spectra of many borate compounds were aiready published by
Weir and Schroeder 4~2) but a number of them are republished for reasons
mentioned in sec. 4.1. Earlier, Hart and Smaliwood 4—5) published a number of
spectra of primarily alkaline-earth-borate compounds. The spectra of a number
of crystalline borates with varying amounts of the isotopes °B and !B are
published by Bril 4~°).

The spectra of the polymorphs of crystalline Si0, are discussed in a review
by Wong and Angell ~7). The infrared spectra of crystalline silicate compounds
are widely scattered in the literature; spectra and further references can be found
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Fig. 4.3, Infrared spectra of polycrystalline borates.

in the work of Wong and Angell #-7), Dutova #~%), Cherneva and Florins-
kaya 4-°), and Dutz 419, :

In the literature there are few attempts to give an mterpretatlon of the spectra
of crystalline borates. Exceptions are the work of Weir and Schroeder 4+—3),
Frey and Funck #~?) and Gaskell -1}, see also the review by Wong and
Angell =7). The work of Bril #-%) also is of interest because, in this case, the
Raman and infrared spectra of borate compounds with varying amounts of 1°B
and !B are discussed. From the large number of peaks that are observed in these
spectra it is clear that they are characteristic of large borate groups, such as, for
instance, the metaborate ring (b,). From comparison of the spectra of the crys-
talline borates it becomes clear that they may well serve as a fingerprint to reveal
the presence of the same type of groups in the glasses as in the compounds.

Lazarev *~1%) has given an interpretation of the spectra of crystalline silicates.
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Fig. 4.4, Infrared spectra of polycrystalline borates.

The peaks are generally assigned to vibrations of small units. Due to the dif-
ferences in the spectra of SiQ,, disilicate and metasilicate compounds they may
serve well as a fingerprint to reveal the presence of SiO, units with no, one or
two non-bridging oxygen ions.

The work of Hishi, Tomisaka, Kato and Umegaki *~'2) on potassium feldspar
is also worth mentioning here.

4.2.3, Conclusion

Due to the large number of peaks that are observed in the spectra of the crys-
talline borates they cannot simply be ascribed to a BO; triangle or BO, tetra-
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Fig. 4.5. Infrared spectra of polycrystalline potassivm borates.

hedron. The spectra make it clear that they are characteristic of the presence of
larger groups than these simple units, for example the six-membered borate
group with a BO, tetrahedron (a,c¢), the ring-type metaborate group (b;), or of
these groups influenced by their surroundings. Due to the large number of
peaks, comparison with the spectra of the glasses can only be qualitative.

The spectra of the crystalline silicates are generally interpreted by assigning
the peaks to small vibrating units, for instance Si~O-S8i bridges. Thus these
spectra cannot be taken as characteristic of larger groups, so that in comparison
with the spectra of the glasses the interpretation, in terms of structural units
present, cannot go beyond these small units. Due to the observed differences in
the spectra, they may serve well to reveal the presence of SiO, tetrahedra with
no, one or two non-bridging oxygen ions.
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4.3. Infrared spectra of borate glasses

4.3.1. Experimental results

The infrared spectra of alkali-borate glasses are shown in figs 4.10, 4.11 and
4.12. Spectra of glasses containing alkaline-earth oxides are shown in figs 4.13
and 4.14. The effect of Al,O, on the infrared spectra of borate glasses is shown
in figs 4.15 and 4.16.

The spectra of the glasses were obtained from thin films, a few microns thick.
The glasses were measured in vacuum and near liquid-nitrogen temperatures.
This last improved the resolution of the spectra somewhat in the wavenumber
range 400-1000 cm~! compared to spectra recorded at room temperature.
Cooling to about 20 K did not further improve this resolution.

For more information on the experimental conditions the reader is referred
to sec. 2.2.

i
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Fig. 4.10. Infrared spectra of glasses in the system x Na,O0 . (1 — x) B,O3;.
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Fig. 4.11, Infrared spectra of glasses in the system x K;0 . (1 — x) B,O;.

4.3.2. Discussion of results

Borate glasses with 0-20 mol 9, alkali oxide

The infrared spectrum of vitreous boron oxide was not recorded by the present
author. The room-temperature spectrum of vapour-deposited B,O; glass was
published by Tenney and Wong *~1%). This spectrum shows a strong absorption
band at 1265 cm~* and small bands at 720 cm™! and at about 1400 cm™?' as
a shoulder of the 1265-cm~! band. In the area 800-1200 cm~* no absorption
bands were recorded.

The strongest absorption band at 1265 cm~! in the B,0, spectrum has been
assigned to the bond-stretching vibration of the B~O bond. The weak shoulder
at about 1400 cm™* has been assigned by Krogh-Moe *~*) to the ring-stretching
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Fig. 4.12. Infrared spectra of borate glasses.

vibration of the boroxol ring. The weaker band at 720 cm~? arises from a bond-
bending motion of the B-O-B groups within the network.

In the spectra of the sodium- and potassium-borate glasses (figs 4.10 and
4.11) it may be observed that absorption bands arise in the range 800-1100cm™!
and around 1350 cm™! on increase of the alkali-oxide concentration of the glass.
Beginning at 20 mol % alkali-oxide sodium- and potassium-borate glasses show
slightly different spectra.

The infrared spectra of the compounds K,O . 3-8 B,O; (this thesis) and
Na,0 . 4 B,O; (Weir and Schroeder *~2)) also show differences. This is not atall
strange because the structure of the compound Na,O . 4 B,0O; is built up of
paired pentaborate (a.c) and triborate groups (a,c), called tetraborate groups
(age,y). In the compound K,0 . 3-8 B,O; pentaborate (a4¢), triborate groups
(a,¢) and “loose” BO; (@) and BO, (¢) units are present.



0-04K50.0-16Ca0.0-808,03

0-20800.0-808,04

0-30Ca0.0-708,05

0-308a0.0-708,0;

| ! / bt}
4000 3000 2000 1500
Wavenumber (crn™l) -

i

A B P
1000 500
Fig. 4.13, Infrared spectra of borate glasses.

There is close similarity between the spectra of the glass of composition
020 Na,O . 0-80 B,O; (fig. 4.10) and the compound Na,O . 4B,0; [(Weir and
Schroeder #—2)). This suggests a structural similarity between the glass and the
crystal, thus, most probably tetraborate groups (asc,) are formed.

In the Raman spectrum of the glass of composition 0-20 K,0 . 0-80 B,O,
the presence of boroxol groups (a) is clearly indicated. Thereabove a close
similarity can be observed between the infrared spectra of the glass of com-
position 020 K,O . 0-80 B,O; and the compound K,O . 3-8 B,0,. This sug-
gests that the same types of groups are formed in both cases, thus pentaborate
(a4c), triborate groups (a,c), and BO; (a) and BO, units (¢).

All this information suggests that up to 20 mol % alkali oxide primarily tetra-
borate groups (age,) are formed and boroxol groups removed. The slight dif-
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Fig. 4.14, Infrared spectra of borate glasses.

Serences between the spectra of the glasses with 20 mol %, Na,O and K, O reflect
the tendency to the formation of compounds at the tetraborate composition with
slightly different structures.

Borate glasses with 20-35 mol %, alkali oxide

From comparison of the infrared spectra of the potassium-borate glasses
with 20 and 30 mol % K,O (fig. 4.11) with the spectrum of the compound
K,0 .3 B,0; (fig. 4.5) it is clear that other borate groups are most probably
present in the glasses mentioned than in the compound K,0 . 3 B,O,. Structural
analogy with the compound K,0 .3 B,0, is not very probable either, be-
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Fig. 4.15. Infrared spectra of aluminoborate glasses.

cause this compound has an incongruent melting point. For the c¢orrespond-
ing sodium-borate glass the situation seems to be analogous.

At x = 0-30 there is a slight difference between the spectra of the sodium-
and potassium-borate glasses (figs 3.10 and 3.11). Unfortunately, due¢ to crystal-
lization, no thin film could be made of a glass of composition 0-33 Li,O .
0-67 B,O,, so that no infrared spectrum could be obtained of this glass. The
increased tendency to crystallization of vitreous 0-33 Li,O . 0-67 B,O; com-
pared to the corresponding sodium- and potassium-borate glasses may suggest
a closer structural similarity of vitreous 0-33 Li,O . 0-67 B,O; to the corre-
sponding compound than in the case of the sodium- and potassium-borate
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Fig. 4.16. Infrared spectra of aluminoborate glasses.

glasses. This would then mean that vitreous 0-33 Li,O . 0-67 B,0;, contains a
major number of diborate groups (a,c,). This is not contradicted by the density
difference between vitreous and crystalline 0-33 Li,O . 0-67 B,O;.

Vitreous 0-33 Na,O . 0-67 B,0; showsa higher density than the corresponding
crystalline compound which suggests a structural dissimilarity, so that it is
improbable that a major amount of the dipentaborate group (asc,) and the
triborate group with a non-bridging oxygen (abc) is present in this glass. The
similarity to the lithium-borosilicate glasses may suggest that in vitreous
0-33 Na,0 . 0-67 B,O; a major number of diborate groups (a,c,) is present.
A certain similarity to the spectrum of the compound Li,O . 2 B,O; (fig. 4.7)
may also be observed, again indicating the presence of diborate groups (a,c,).
Other evidence, mentioned in chapter 3, goes in the same direction.

The potassium-borate glass with 30 mol % K,O shows an infrared spectrum
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that slightly differs from that of the corresponding sodium-borate glass. There
is a clear difference in the spectra of vitreous 0-30 K,0 . 0-70 B,O; and crys-
talline K,O . 2 B,0;. The slight difference between the spectra of sodium- and
potassium-borate glasses seems not significant. Thus, probably a major number
of the boron ions is present in diborate groups (a,c¢,).

The spectrum of vitreous 0-25 Cs,0 . 0-75 B,O; shows no close similarity to
that of the corresponding crystalline compound (figs 4.14 and 4.3). This sug-
gests that the glass is not primarily built up of triborate groups (a,c). The
spectrum of the glass shows a strong resemblance to that of the glass
0-20 Na,O . 0-80 B,O;. This suggests that in the caesium-borate glass mainly
tetraborate groups (aec;) are formed. This is consistent with the results of the
Raman spectrum and n.m.r. measurements discussed in chapter 3. |

The results of the infrared spectra of the glasses in the composition range
20-35 mol Y, alkali oxide are consistent with the results of the Raman spectra.
It is indicated that on increase of the alkali-oxide content the tetraborate groups
(ascs) are gradually replaced by diborate groups (axc,).

Borate glasses with 35-50 mol % alkali oxide

Figures 4.12 and 4.15 show spectra of borate glasses containing 40-48 mol %
mixed alkali oxides. Due to the relatively large amount of OH~ ions in these
glasses and in the corresponding metaborate compounds, a comparison of their
infrared spectra with the aim of drawing conclusions as to the presence of
certain groups in the glasses is thought to be inappropriate. However, it may
be concluded that in the area around 50 mol 9} alkali oxide there is no special
tendency to the formation of ring- or chain-type metaborate groups|(b; or b,,).

Borate glasses with alkaline-earth oxides

Some spectra of glasses containing alkaline-earth oxides are shown in figs
4.13 and 4.14. The spectra of the glasses of composition 0-04 K,0 . 0:16 CaO .
0-80 B,0O; and 0-20 BaO . 0-80 B,O; show slight differences. It may be that this
difference is due to the 4 mol % K,O present in the first glass and that the
alkaline-earth calcium- and barium-borate glasses fundamentally have the same
structure. The spectrum of the barium-borate glass is very similar to that of the
corresponding sodium-borate glass, so probably tetraborate groups (asc,) are
formed similar to those in the compound Na,O . 4 B,0;.

The spectrum of the glass of composition 0-04 K,0 . 0-16 CaO . 0-80 B,0; is
closer in similarity to the spectrum of the corresponding potassium-borate
glass, which probably means that it contains groups similar to those of the
compound K,O . 3-8 B,O; and that the network structure is somewhat dif-
ferent from that of the compound Na,O . 4 B,O;.

At 30 mol % CaO and BaO the infrared spectra are very similar and show a
strong resemblance to the spectrum of the borate glass containing 30 mol %
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Na,O (figs 4.10 and 4.13), which probably means that diborate groups (a,c,)
are formed.

It is interesting to note the similarity of the spectra of the borate glasses con-
taining 30 mol % CaO or BaO and 33 mol % SrO. The spectrum of vitreous
0-33 SrO . 0-67 B,O; differs greatly from that of the compound SrO .2 B,0;
(figs 4.14 and 4.7). This indicates that vitreous 0-33 8rO . 0-67 B,O; contains
no structural units that are found in the compound SrO . 2 B,O,, which has a
deviating kind of borate network.

Finally the lead-borate glass of composition 0-33 PbO . 0:67 B,0; shows an
infrared spectrum very similar to that of the calcium-, strontium- and barium-
borate glasses of roughly this composition. This suggests that all these glasses
have primarily the same structure, most probably built up of diborate groups

(az¢).
Influence of Al,OQ, on the structure of borate glasses

The influence of increasing amounts of Al,O; on the infrared spectra of
alkali-borate glasses is shown in figs 4.15 and 4.16. For glass of composition
020 K,0 . 0:80 B,O; one may observe that increasing the amounts of Al,O,
up to 20 mol % leads to a decrease of the absorption bands in the area 900-1100
cm™*, showing the disappearance of BO, units. This is consistent with the
result of the Raman spectroscopy of these glasses which has shown that boroxol
groups are formed again.

The behaviour of glass of composition 0-30 K,O . 0-70 B,0; is analogous;
in this case too it is clear that the number of borate groups with BO, tetrahedra
which have absorption bands in the area 900-1100 cm~* diminish on addition of
Al O; to the glass. Without further analysis the strong absorption band at
about 1380 cm™* cannot be assigned.

For the mixed alkali glass of composition 0-15 Li,O . 0-15 Na,0 . 0-15K,0 .
0-55 B,O; one may observe that addition of Al,O; leads to a decrease of the
absorption bands in the infrared spectra in the area 900-1100 cm™* (fig. 4.16).
This also suggests that borate groups with alkali ions are replaced by AlO,
tetrahedra with a charge-compensating alkali ion and borate groups without
alkali ions or a lower alkali-to-boron ratio.

4.3.3, Conclusions

The infrared spectra suggest that in Na- and K-borate glasses with up to
about 20 mol % alkali oxide primarily tetraborate groups (gec,) are formed.
At about 30 mol 9 alkali oxide the infrared specira suggest the presence of
diborate groups (a,¢,). At 50 mol % mixed alkali-borate glasses no special
tendency to the formation of ring- or chain-type metaborate groups is found,
which is confirmed by the results of the Raman spectra.

The spectra of the alkaline-earth-borate glasses show a high degree of similar-
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ity to those of the corresponding sodium-borate glasses, suggesting that the
same type of borate groups are present.

Addition of Al,O; to alkali-borate glasses clearly leads to a decrease in the
relative number of groups containing BO, tetrahedra. The infrared spectra are
consistent with the Raman spectra in that probably boroxol groups are formed
again in these glasses up to about 30 mol % alkali oxide. When more alkali
oxide is present it is not clear which type of borate group is formed on addition
of ALO;.

The increase in the line width in the spectra of the glasses clearly indicates
that the units are deformed to some extent. Notwithstanding the lower resolution
of the spectra of the glasses the conclusion may be that the same type of borate
rings are generally present in the borate glasses as in the corresponding borate
compounds. An exception to this is vitreous 0-33 SrO . 0-67 B,O;.

4.4, Infrared spectra of silicate glasses

4.4.1. Experimental results

Due to the fact that infrared spectra of many vitreous silicates are available
from the literature only a few spectra are shown in figs 4.17 and 4.18. The spectra
of some alkali-aluminosilicate glasses are shown in fig. 4.19.

The spectra of thin films of these glasses were recorded at room tej:mperature
and in air. Cooling to liquid-nitrogen temperature has no inﬂuehce on the
resolution. For more information on the equipment used, see sec. 2.2.

4.4.2. Discussion of results

The spectra of silicate glasses have often been discussed in the literature. For
a review the reader is referred to the work of Wong and Angell 4-7).

The spectra of some glasses were recorded to check our experimental tech-
nique and to facilitate comparison with the spectra of the borosilicate glasses.
All the spectra shown in this thesis fit in very well with other infrared studies
on silicate glasses. The spectra of some aluminosilicates were recorded to see
whether Al and B ions are taken up in the silicate network in a similar way.

The spectra of the glasses of composition 0-30 Na,O .0-70 SiO, and
0-30 K,0 . 0-70 SiO, are fairly similar to those of the compounds Li,O . 2 SiO,
and «-Na,0 . 2 SiO, (figs 4.17 and 4.9). The band at about 1210 cm™! in the
crystalline compounds, however, is absent in these glasses. Due to the large
number of peaks in the spectra of the crystalline disilicates it is supposed that
the spectra are due to complex silicate groups of low symmetry. The com-
plexity of the structure is confirmed by X-ray analysis. The infrared spectra of
the glasses suggest that this complexity is retained in the structure of the glasses
and even increased somewhat by the irregular deformation of these groups that
has taken place. Thus it is suggested that in these glasses a layer-like structure
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Fig. 4.17. Infrared spectra of silicate glasses.

is also present on a small scale. This is consistent with the X-ray results on these
glasses obtained by Mozzi and Warren 4~16) and the Raman results in chapter 3.
The presence of SiO, units with no, one or two non-bridging oxygen ions can
easily be reconciled by comparison of the spectra of vitreous and crystalline
silicates.

As can be observed from fig. 4.19 the introduction of Al,Q; in silicate glasses
does not lead to drastically changing spectra, which confirms the expected gen-
eral structural similarity of silicate and aluminosilicate glasses.

4.4.3. Conclusions

In general the spectra of the silicate glasses show a fair similarity to the
spectra of the corresponding compounds, so probably the same structural units
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Fig. 4.18. Infrared spectra of silicate glasses.

are present in the glasses as in the corresponding crystalline compounds. At
least it is clear that up to 30 mol % alkali oxide primarily SiO, tetrahedra with
only one non-bridging oxygen ion are formed.

When the amount of Al,O; in alkali-aluminosilicate glasses does not exceed
that of alkali oxide then the silicate and aluminosilicate glasses show a great
structural similarity. ‘
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Fig. 4.19. Infrared spectra of aluminosilicate glasses.
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4.5. Infrared spectra of borosilicate glasses

4.5.1. Experimental results

The infrared spectra of a large number of borosilicate glasses are shown in
figs 4.20 to 4.42. All spectra were recorded at liquid-N, temperatures in vacuum,
using thin films of the samples. All samples are the same as those used for the
Raman experiments.

A number of spectra of borosilicate glasses are found in the literature. For
spectra in the system B,0;3-8i0, the reader is referred to the work of Taft 4+-*7)
and Tenney and Wong 4~*%). Some spectra of sodium-borosilicate glasses were
published by Jellyman and Procter #~1%) and republished by Neuroth 4-1).
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Fig. 4.20, Infrared spectra of glasses in the system x LiO . (0-85— x)B,03 .0:15 Si0,.



— 147 —

| N N T T T
x=020
x=0-30

| [ AP P S

4000 3000 2000 1500 1000 500

Wavenumber fcm) -—-—

Fig. 4.21. Infrared spectra of glasses in the system x NayO.(0-85 — x)B;03.0-1585i0,.

4.5.2. Discussion of results

Borosilicate glasses with 15 mol %, Si0,

A comparison of the spectra of the glasses in the series x Na,O.
(0-85 — x) B,0O; . 0-15 Si0, with those of the glasses in the series x Na,O .
{1 — x) B,O; (cf. figs 4.21 and 4.10) reveals the close similarity to the spectra of
the glass with the same amount of Na,O. This suggests that Na,O in the com-
position series x Na,O . (0-85 — x) B,O; - 0-15 SiO,, is used to form the same
type of borate groups as in the comparable binary sodium-borate glasses and
that no significant amount of Na,O is used to form non-bridging oxygen ions
as part of SiO, tetrahedra. The way in which SiO, is present in these glasses is
not elucidated by these infrared spectra due to the small amount present and
the overlap with the strong absorption bands of the borate groups. The slight
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Fig. 4.22. Infrared spectra of glasses in the system x K,O . (085~ x) B,0O5.0-158i0,.

differences that are observed between the spectra of glasses with the same mole
fraction of Na,O, but with or without SiO,, are too small for discussion in
terms of significant quantitative differences in the structure of these glasses. So
the conclusion can be that once again tetraborate groups (aqc,) are formed
below 20 mol 9 Na,O, while at higher Na,O concentration diborate groups
{a,c,) are gradually formed.

A comparison of the spectra of the glasses in the serles xK,0.
(0-85 — x) B,O; . 015 8i0; with those of the glasses in the series x K,O.
{1 — x) B,0;, reveals the analogy with the sodium-containing glasses described
above. Some differences between the spectra of glasses containing an equal mole
fraction K,O, but with or without 5i0,, are a bit more detailed (cf. figs 4.22
and 4.11). In this case too, practically all the potassium oxide is used for the for-
mation of borate groups that are also present in the comparable binary borate
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Fig. 4.23. Infrared spectra of glasses in the system x NaKO . (0-85 — x) B,0; . 015 SiO,.

glasses. Only a minor number of SiO, tetrahedra with a non-bridging oxygen
ion is formed.

The spectra of the glasses in the series x NaKO . (0-85 — x) B,0; . 0-15 SiO,
show close similarity to those of the glasses in the Na,O series (cf. figs 4.23
and 4.21). This suggests a structural similarity between the sodium- and
mixed sodium—-potassium-borosilicate glasses.

The spectra of the glasses in the series x Li,O . (0-85 — x) B,0; . 015 SiO,
show at x = 0-10 and x = 0-20 a high degree of similarity to the corresponding
Na,O-containing glasses (cf. figs 4.20 and 4.21). This suggests that primarily
the same groups are formed in the Li,O-containing glasses as in the Na,O-
containing glasses at x = 0-10 and x = 0-20.

At x = 0-30 Li,O, the spectrum is somewhat different from the one at
x = 0-:30 Na,O as shown by the relatively stronger band at 1000 cm~*. This
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does not correspond to the spectrum of crystalline Li,O.2 B,0; {cf. fig. 4.7) or
crystalline Li,O . B,O; (cf. fig. 4.3). In this case it may be suggested that more
8i0, tetrahedra with non-bridging oxygen ions are formed, giving rise to the
relative increase in intensity of the band at 1000 cm™1, At x == 0:40 Li,O the
same arguments seem to apply. The rise of the band between 400 and 500 cm™*
suggests the same. Compare this with the infrared spectra of the compounds
Li,0.28i0, and «-Na,0 . 2 Si0O, (fig. 4.9) and the glasses 0-30 Na, 0. 0-70Si0O,
and 0-30 K, 0 . 0-70 SiO, (fig. 4.17).

Krogh-Moe #~1%) suggested that in this composition area cross-linking of
borate polymer chains takes place by means of SiQ, tetrahedra. This was based
on the fact that crystalline Li,O . B,O, precipitates from melts of Li,O . B0,
with up to 10 mol 9/ SiO,, with Si0O, in solid solution. This conclusion was
based on the X-ray powder pattern. Because of this information Krogh-Moe
put forward that SiO, tetrahedra with one non-bridging oxygen ion are
formed, giving rise to a structure reproduced;in’fig. 4.24.
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Fig. 4.24. Cross-linking of borate polymer chains by means of SiQ4 tetrahedra according to
Krogh-Moe 4-19),

If this type of cross-linking also takes place in the glass at x = 0-30 and
x == 0-40 Li,O then at x == 0-40 Li,O for instance 0-075 11,0 would be bonded
to SiQ, tetrahedra, 0-125 Li,O to chain-type metaborate groups (b,) and
0-20 Li,O to diborate groups (@,¢,). This quantitative distribution of groups is
not contradicted by the infrared spectrum of the glass at 0-40 Li,0 but other
distributions might as well lead to the same spectrum. Unfortunately, Raman
spectroscopy gives no solution because of luminescence.

Infrared spectra of glasses in the composition series 0-5 x (K,0 + Ca0O}).
(0-85 — x) B,O; . 0-15 8i0, and x BaO . (0-85 — x) B,0; . 0-15 Si0, are shown
in figs 4.25 and 4.26. The spectra of the glasses in the mixed K—Ca series show
a strong resemblance to the spectra of the corresponding K, 0 glasses (fig. 4.22).
At x = 0-30 a difference may be observed. The rise of the bands at about
1000 cm™~* and about 460 cm™! is analogous to the spectra of Li,O-containing
glasses at x = 0:30 and x = 0-40 {cf. fig. 4.20). This suggests that in the K-Ca
glass at x = 0-30, chain-type metaborate groups (b,) are formed with SiO,
tetrahedra having one non-bridging oxygen ion, so that again a certain cross-
linking takes place, analogous to what Krogh-Moe suggested for: the lithium-
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Fig. 4.25. Infrared spectra of glasses in the system 0-5 x (K,0 + Ca0).(0:85— x) B,0; .
0-15 Si0,.

containing systems. This explanation also fits in with the Raman spectra of
these glasses.

The spectra of the glasses of the composition x BaO . (0-85 — x) B,O; .
0-15 Si0, are fairly similar at x = 0-20 and x == 0-30 to the corresponding so-
dium-borosilicate glasses (cf. figs 4.26 and 4.21).

At x == 0-40 the spectrum of the glass shows the same characteristics as that
of the corresponding lithinm-borosilicate glass. This may indicate that in this
barium-borosilicate glass there is also a tendency to the formation of chain-type
metaborate groups (b,) with SiO, units in these chains.

Influence of ALL,O5 on borosilicate glasses with 15 mol %, SiO,

The influence of increasing amounts of Al,O; on a borosilicate glass of com-
position 0-10 Na,0 . 0-10 K,0 . 0-65 B,O; . 0-15Si0, is shown in fig. 4.27.
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Fig. 4.26, Infrared spectra of glasses in the system x BaO . (0-85 — x) B,O3 . 0-15 SiO,.

This influence is fairly analogous to that observed in the spectra of some
boroaluminate glasses shown in fig. 4.15. The conclusion may be that borate
groups with a BO, unit (a,c¢) are replaced by AlQ, tetrahedra and borate groups
without an atkali ion.

The fact that the bands in the area 1000-1100 cm™! remain more tense in the
borosilicate glasses may be caused by the-absorption bands of Si0, tetrahedra
without non-bridging oxygen ions. This influence of Al,O5 again shows that
the alkali ions are primarily bonded to borate groups at this concentration.

The spectra of the glasses in the series x Na,O.(0-85 —x) B,0;.
0:15 8i0; + 0-05 AL,O; and x K,0 . (0-85 — x) B,0; . 0-15 8i0, + 0-05 ALO;
show a good similarity (figs 4.28 and 4.29). In the glasses without 5 mol %
Al,O4 this similarity is slightly less. The introduction of 5 mol % Al,O; to the
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Fig. 4.27. Infrared spectra of glasses in the system 0-10 Na,O.0-10K,0.065B,0;.
0-15 8i0, + y AL, O3,

sodium-borosilicate glasses is enough to change the borate network slightly to
that of potassium-borosilicate glasses with 15 mol % SiO,.

The influence of the addition of 5 mol % Al,0; to some barium-borosilicate
glasses with 15 mol % SiO, is shown in fig. 4.30. At 20 mol %, BaO one may
observe, on comparison with the spectrum of the glass without AL,O; (fig. 4.26),
that the addition of 5 mol 9 Al,0; leads to a lowering of the absorption band
in the area 900-1000 cm~*. This indicates the disappearance of the BO, tetra-
hedra. At 40 mol % BaO the introduction of 5 mol %, Al,O; is probably too
slight to result in a significant difference in the spectra of the glasses either with
or without Al,O;.

In fig. 4.31 spectra are shown of boroaluminosilicate glasses containing large
amounts of alkaline-earth oxides. These specira confirm the Raman-specira
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Fig. 4.28. Infrared spectra of glasses in the system x Na,O . (0-85— x) B,05 . 0-15 8i0; +
005 Aizo;;.
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Fig. 4.29. Infrared‘spectra of glasses in the system x K,O . (0-85— x) B,0; . 015 SiO, +
0-05 A1,03.
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Fig. 4.30. Infrared spectra of borosilicate glasses.
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Fig. 4.31. Infrared spectra of multicomponent borosilicate glasses.
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results indicating the presence of orthoborate (b”'), pyroborate (b,”), meta-~
borate groups (b;) and groups with a BO, tetrahedron.

Borosilicate glasses with 65 mol ¥ Si();

In fig. 432 the infrared spectra are shown of glasses in‘ the series
x K,0.(0:35 — x) B,O; . 0-65 Si0,. At x = 0-01 the spectrum shows peaks
at the same wavenumbers as found by Tenney and Wong #~1%) for the binary
borosilicate glass 0-36 B,0; . 0-64 SiO,, produced by vapour-deposition
techniques. Here also peaks are observed at about 670 cm™* and 930 cm™!
which are absent in the unmixed B,0; and SiO, glasses. On increasing the
potassium-oxide concentration the band at about 1400 cm~! gradually di-
minishes in intensity, like the bands at 670 cm™! and 930cm™*. At x = 0-30the

1
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Fig. 4.32. Infrared spectra of glasses in the system x K,0. (0:35— x) B2031 . 0:65 Si0,.
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spectrum is very similar to that of the glasses with composition 0-30 K,0 .
0-70 8i0, and 0-30 Na,O.0-70 SiO,. At this concentration no influence can be
observed of the presence of 5 mol % B,0s. At x == 0-20 the presence of ring-
type metaborate groups (b,) is not evidenced by the infrared spectrum, in con-
trast to the Raman spectrum of the same glass. At x = 0-05 and x = 0:10 the
presence of a number of borate groups is not revealed, again in contrast to the
Raman spectra.

The spectra of the glasses in the series x K,0 . (0-30 — x) B,0O; . 0-70 SiO,
show the same behaviour with composition as do those of the series with
65 mol % Si0, discussed above (fig. 4.33).

At x = 0-05 some difference may be observed in the relative height of the
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Fig. 4.33. Infrared spectra of glasses in the system x K0 . {030 — x) B,O; . 070 8iO,.
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peaks in the spectra of the Na,0-, NaKO- and K,0O-containing glasses. These
differences are too small to be discussed in terms of differences in the structure
(figs 4.34 and 4.32). At x = 0-10 the spectra of the glasses in the Na, 0O, NaKO
and K,O series are practically identical, suggesting that the stractures of these
glasses are very similar (figs 4.35 and 4.32). The same holds for the spectra at
x =020 and x = 0-30 (figs 4.36 and 4.37).

Some spectra of borosilicate glasses containing CaO and BaO are shown in
fig. 4.37. These specira all show a high degree of similarity to those of glasses
containing only an equivalent amount of alkali oxide. These infrared spectra
suggest that the same structural units are present in the glasses containing 20 or
30 mol ¥, mixed alkaline earth/alkali oxide or only alkali oxide. Glass of com-
position 0-05 K,0 . 0-05 CaO . 0-25 B,0, . 0-65 Si0O, shows an inf:'rared spec-
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Fig. 4.34. Infrared spectra of borosilicate glasses.
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Fig. 4.35. Infrared spectra of borosilicate glasses.



0'30N020-00582 03.0655302

8‘?5&920.9'?5K20.0‘0532 03.0‘553!02

0-15Na,0.015K,0.0-058,03.0-655i0 +
0054105

Il

R IR
1000 500

| i ] | S
4000 3000 2000 1500
Wavenumber {cm™) -

Fig. 4.36. Infrared spectra of borosilicate glasses.
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Fig. 4.37. Infrared spectra of borosilicate glasses.

trum similar to the spectra of the glasses 0-10 K,0 . 0-25 B,0; . 0-65 Si0, and
0:05Li,0.005K,0.025B,0, . 065 Si0,. So the introduction of Ca and Li
does not result in a clearly different structure of these glasses (figs 4.41 and
4.32).

The general conclusion may be that in the borosilicate glasses with 65 and
70 mol % SiO, the boron ions primarily take up the alkali oxide and that SiO,
is primarily present in a vitreous-silica-like structure that, on increase of the
alkali-oxide content and decrease of the boron-oxide content, gradually changes
into a disilicate-like structure.

The effect of increasing amounts of Al,O, on the infrared spectra of the glass
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Fig. 4.38. Infrared spectra of glasses in the system 0-10 Na,O0.010K,0.0-15B,0;.
0-65 810, -+ y Al,Oj5.

of composition 010 Na,0.0-10K,0.0-15B,0;.0658i0, is shown in
fig. 4.38. The differences, however, are too small to be discussed in terms of a
change of the structure. ,

The addition of 5 mol % AL, O; to the borosilicate glasses has in general only
a slight influence on the infrared spectra (cf. figs 3.39 and 3.40). This slight
difference cannot be discussed in terms of structural units. In general the spectra
of the borosilicate and aluminosilicate glasses show differences in'the infrared
spectra (cf. e.g. figs 4.42 and 4.19). This suggests that boron ions are not incor-
porated in the silicate network in a way analogous to the aluminum ions.

4.5.3. Conclusions

The infrared spectra of the borosilicate glasses show that alkali oxide is
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Fig. 4.39. Infrared spectra of glasses in the system x Na,O . (0-35 — x) B,O; . 0-65 SiO, +
0-05 Al,05.

primarily incorporated in the glass to form borate groups that are also present
in the binary borates.

Glasses with 15 mol ¥, Si0O,

At 15 mol 9 SiO, content, silica seems primarily to be present in SiO, units
with no non-bridging oxygen ions, while SiO, units with a non-bridging oxygen
ion are formed only at alkali-oxide concentrations of about 40 mol . In these
composition series the sodium-borosilicate glasses are very similar in structure
to the binary sodium-borate glasses. This holds good also for the potassium-
borosilicate systems. This means that at low alkali-oxide concentrations tetra-
borate groups (aec,) are formed which are gradually replaced by diborate
groups (a,c,) at alkali-to-boron ratios above 0-25. The formation of chain-type
metaborate groups {b,,) is indicated in Li,O-containing systems with a lithium-
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Fig. 4.41. Infrared spectra of borosilicate glasses.
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to-boron ratio near to unity. Introduction of Al,0; clearly leads to the disap-
pearance of BO, tetrahedra in this composition series.

The borosilicate glasses containing alkaline-earth oxide generally exhibit
spectra similar to those of the alkali-borosilicate glasses. This suggests a close
structural similarity.

Glasses with 65 mol %, SiO,

At compositions with 65 (and 70) mol % SiO, it may be observed that boron
again primarily consumes the alkali ions to form borate groups. The type of
borate group is not evident from the spectra. Si0, seems primarily to be present
in SiQ, units with no non-bridging oxygen ions which are gradually replaced by
Si0, units with a non-bridging oxygen ion on the replacement of B,0O; by
alkali oxide. The influence of Al,O; on the borosilicate glasses with 65 mol ¢
Si0, is notvery clear fromthe infrared spectra. This again suggests that, primarily,
the small number of borate groups is attacked and that the silicate network is
preserved. The infrared spectra suggest also that boron ions are incorporated
in the silicate-glass network in a different way than the aluminum ions.
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5. VISCOSITY OF BOROSILICATE GLASSES

5.1. Introduction

The study of the viscosity can be of great help in understanding the structure
of borosilicate glasses. This is based on the fact that the viscosity properties of
glass are generally very sensitive to composition differences. Usually the
viscosity—temperature dependence of glass is characterized by some reference
points. The reference points that will be made use of are the annealing tempera-
ture and the softening temperature. The annealing temperature is defined as the
temperature where the viscosity of the glass is 102 poise. The Softenix&g tempera-
ture is defined as the temperature where the viscosity is 1076 poise.

Because the viscosity of the borosilicate glasses was measured by the fibre-
elongation method between 107 and 10'2? poise the temperature at which the
viscosity is 102 poise will be taken to characterize the viscosity near the trans-
formation range.

It is logical to assume that introduction of non-bridging oxygen ions decreases
the coherency of the network and consequently lowers the viscosity. Therefore
an increase in the relative number of non-bridging oxygen ions in a glass will
lead to lower annealing and softening temperatures. In this thesis the change
in the annealing and softening temperatures with composition will be adduced

in discussing the presence of non-bridging oxygen ions in borosilic\ate glasses.

5.2. Experimental results

The viscosity-temperature relationship was measured by the ﬁbreielongation
method in the range # = 107 poise to n = 10'2 poise. Details on the equipment
and method used can be found in sec. 2.3. For the viscosity measurements of a
sample 5 to 6 measuring points were taken at different temperatures in the
viscosity range mentioned. In practically all cases a linear relationship between
log 77 and 1/7 could be observed, so that this relationship follows the equation

o = A4 -+
Ero 457T

in which # is the viscosity in poises and E, the activation energy in kcal/mol.
For a more extensive discussion of this equation the reader is referred to elemen-
tary books on glass science.

The tables in the appendix show the values of 4 and E, for all glasses studied.
The values of T (log = 7-6) and T (log 5 = 12) are also given; these values
can be calculated from the equation after obtaining the optimal values of 4 and
E, from the experimental measurements. For selected composition series the
results of T (log 7 = 12) and T (log = 7-6) versus composition are shown
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graphically in figs 5.1 to 5.12. This was done for a number of composition series
in the systems Na,0-B,0;-8i0,, K,0-B,0,-Si0,, NaK0O-B,0;-Si0, and
Li,0-B,0;-8i0,. In some figures the influence of the addition of 5 mol %
Al,0; to the glass on the reference points is shown. The influence of up to
20 mol % Al,O; on two glass compositions is shown in table 5-1.

TABLE 5-1

Influence of Al,O, on the reference temperatures of two borosilicate glasses

glass composition T T
(logn  (log 7
=76) = 12)
O O
0-10N2,0.0-10K,0.0-65B,0, . 0-158i0, 544 459
» +0-05A1,0, 541 454
» +0-10A1,0, 532 440
” +0-15A1,0; 535 435
” +0-20A1,0, 545 450
0-10Na,0.0-10K,0.0-15B,0; . 0-658i0, 665 563
» +0-05A1,0, 683 562
. +0-10A1,0, 703 568
. +0-15A1,0, 704 576
5 +0-20A1L,0;, 777 612

Abe 5-1) described an area in which a delayed viscosity effect was observed.
This area coincides fairly well with the area in which phase separation can be
expected. For compositions in this area care was taken that t,h¢ measurements
were done as rapidly as possible after the glass fibre had attained the approp-
riate temperature. To obtain reproducible viscosity results the wet-chemical
preparation methods described elsewhere (Konijnendijk, Van Duuren and
Groenendijk 3-2)), were found to be indispensable. The influence of small
amounts of water on the viscosity results was reduced by remelting all samples
in vacuum (see also sec. 2.1). The error in the reference temperatures is about
5 °C maximally.

5.3. Discussion of results

From figs 5.1 to 5.5, showing the relation between the temperature T at which
logio # = 12 and the glass composition it is clear that replacement of B,0O;
by alkali oxide in B,0; and B,0,-8i0, glass results in more-viscous glasses
up to a certain mol % alkali oxide. After a maximum is reached the viscosity
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Fig. 5.5, Temperature 7T at which log;e % = 12 versus mol % Li,O. System xLiO,.
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decreases again on replacement of more B,O; by alkali oxide. The maximum is
found at about the same alkali-oxide concentration with increasing Si0, content.

i
H
i

Glasses with 15 mol %, SiO, content |

The results suggest that the replacement of B,O, by alkali oxidé; at first in-
creases the coherency of the network and then, after a certain maximum is
reached, decreases it. The increase in the coherency is usually explained by an
increase in the oxygen coordination of the boron ions in the glass from 3 to 4.
At higher alkali-oxide concentrations sufficient non-bridging oxygen ions are
formed, giving rise to a decrease in coherency and consequently in viscosity.

Glasses with 65 mol %, 8iQ, content

The fact that at constant alkali-oxide content the viscosity increases with in-
creasing SiO, content suggests that SiO, is incorporated in the structure with
only a limited number of non-bridging oxygen ions in those composition areas
where enough boron is available to take up the alkali oxide.

The Raman data (cf. chapter 3) suggest that where the maximum can be
observed in the viscosity as a function of alkali-oxide content, the number of
non-bridging oxygen ions connected to ring-type metaborate groups (b;) in-
creases considerably with increasing SiO, content. This means that an increase
of the relative amount of boron ions in four-coordination cannot be responsible
for the increase of the viscosity on increase of the 3i0, content, but that
gradually a vitreous silica-like glass structure becomes the continuous phase
and is an important viscosity-determining factor.
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Influence of the type of alkali ion

Comparing the T (log 7 = 12) values for the systems x Na,O . (1 — x) B,0;
and x K,0 . (1 — x) B,0O; one observes that the sodium-oxide systems are more
viscous than the corresponding potassium-oxide systems. For the composition
series with 15 mol % SiO, one may observe that the Li,O and Na,O glasses show
an almost identical composition—viscosity relationship and that the correspond-
ing K,O glasses again show a lower viscosity. On addition of more SiO, the dif-
ference between the Na,O and K, O systems reverses, so that at 65 mol ¥ SiO,
the viscosity of the K,O systems is equal to the corresponding Na,O systems
or higher. This suggests structural and/or bonding differences between the
Na,0- or K,O-containing borosilicate glasses. It may be that since the field
strength of Na* is higher than of K* the attraction forces between the sodium
and the oxygen ions are higher and thus the viscosity of the sodium glasses with
low SiO, content is higher. It was put forward by Stevels *~3) that in silicate
glasses at low alkali-oxide content the bonding forces between silicon and
oxygen ions practically determine the viscosity. From the Raman spectra it
becomes clear that the continuous phase in the borosilicate glasses with 65
mol % Si0, is a silicate glass with a low alkali-oxide content. The Na* ions
exert a stronger polarizing effect on the oxygen ions than the K* ions, so the
bonding between silicon and oxygen is weaker in case of the sodium-boro-
silicate glasses, giving rise to a lower viscosity than the corresponding potas-
sium-borosilicate glasses.

Mixed NaK systems

For the mixed NaK-borate glasses it was shown by Visser 3-4) that the
T(logn = 12) values of the systems x NaKQ . (1 —x) B,O; and x K,0.
(1 — x) B,O; are almost equal. The mixed NaK systems have a significantly
lower viscosity than the corresponding sodium-borate glasses. The systems in
the composition series with 15 mol % Si0Q, show the same behaviour. The
mixed NaK systems with 65 mol % SiO, show a significantly decreased viscos-
ity compared both to the unmixed Na- and K-containing glasses, as is generally
observed in mixed alkali-silicate glasses (Stevels 5—3), Poole 5-5), Isard 5-9)),
The extent to which the viscosity decreases is also near the values observed in
mixed NaK-silicate glasses. If it is assumed, according to Stevels 3-7), that in
mixed alkali glasses, ions of different size can be incorporated in the structure
more easily than ions which are all of one size, this decreased viscosity can be
explained qualitatively. The improved geometrical fit gives rise to better bond-
ing of the alkali ions to the network, thus weakening the Si-O bonding and
leading to a decreased viscosity for the glass systems with 65 mol %, §i0,. This
~ explanation does not hold good for the systems with 0 and 15 mol % SiO,
because the viscosity of the mixed NaK systems is almost equal to that of the
corresponding K systems,
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The explanations given above for the mixed-alkali effect and for the order of
the viscosity of corresponding Li, Na and K systems are not very firm. It is
difficult to discuss the viscosity results in the absence of a generally agreed
theory of the processes which govern viscous flow in glass. The explanations
given above are only qualitative.

Influence of Al,O; on glasses with 15 mol %, 8i0,

The addition of 5 mol 9, Al,O; to the glasses in the composition series
x Na,O . (0-85 — x) B,0, . 0-15 SiO, leads to a decrease in viscosity when the
concentration of Na,O is higher than that of ALO, (cf. fig. 5.6). The Raman
data in chapter 3 suggest that in the glasses of this series only a very limited
number of non-bridging oxygen ions is present and that the addition of
5 mol % AL O; generally leads to a decrease in the number of BO, tetrahedra
and the formation of boroxol groups (a;). Al,O, is most probably taken up in
the network in the form of AlO, tetrahedra. So an increase in viscosity on
adding Al,O; cannot be expected.

For the corresponding potassium glasses it may be observed that the addition
of 5 mol 9, Al,O; has a negligible influence (cf. fig. 5.7) on the viscosity. For
the corresponding mixed NaK glasses it may be observed that the curves vary
in a similar way as the unmixed Na and K glasses (cf. fig. 5.8).

It is difficult to explain the observed results on a structural basis. From the
Raman and infrared spectra of these glasses it is not clear how the AlQ,
tetrahedra are distributed over the borate network.
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Influence of Al,0; on glasses with 65 mol %, SiO,

For the systems with 65 mol 9 SiO, one may observe that the addition of
5 mol % Al,O; to the glasses with 5 and 10 mol % Na,O, K,O and NaKO
ieads to a decrease in the viscosity. In a given composition series one may
observe that the addition of 5 mol % Al,O; to the glasses with 20 and 30 mol %,
alkali oxide leads to an increase in the viscosity, for the mixed NaK systems at
20 mol ¥ the viscosity does not change significantly and at 30 mol % there is an
increase.

From the Raman spectra it became clear that the addition of 5 mol % Al,O;,
to the glasses with 5 and 10 mol % alkali oxide primarily results in a decrease
in the number of BO, tetrahedra and an increase in that of boroxol fgroups {as).
Probably Al,O; is incorporated in the structure as AlO, tetrahed@ra. The de-
crease in viscosity may be explained by the decrease in the coherency of the
network. It is doubted that this explanation is altogether correct because the
role of phase separation in this region is not yet fully understood, The increase
in viscosity for the compositions with 20 and 30 mol % Na,O and K,O can be
explained by a decrease in the amount of non-bridging oxygen ions as was
revealed by the Raman spectra. "

Influence of larger amounts of Al,0,

From table 5-1 it may be observed that the addition of up to 20 mol %, Al,O,
to a glass of composition 0-10 Na,0 . 0:10 K, 0 . 0:65 B,0; . 0-15 5i0O, has no
significant influence on the viscosity. As only a small amount of non-bridging
oxygen ions can be expected in the base-glass composition this result is not very
strange. ’

Addition of up to 20 mol % Al,O; to a glass of composition 0-10 Na,O .
0-10 K,0.0-15 B,0; . 0-65 8i0, leads to a significant increase in the viscosity.
Especially the viscosity difference between the glasses to which 15 and 20 mol ¥
AL O; are added is striking. From the Raman spectra it became clear that
addition of Al,O; to the base glass first leads to a decrease in thb ring-type
metaborate groups (b;). At higher concentrations of Al,O; the non-bridging
oxygen ions connected to SiO, tetrahedra also disappear. This result, together
with the accelerated viscosity increase with the ultimate addition of Al,O,;,
suggests that the base glass is built up of a silica-glass-like structure with only
a minor amount of non-bridging oxygen ions and that the ring-type metaborate
groups (b,) are isolated in this silicate-network structure, probably as small
islands. This explains the slighter increase in viscosity on the addition of the
first amounts of Al,O; which attacks the islands of metaborate groups (b;) and
leaves the silicate network unchanged, and the subsequent higher increase in
viscosity when Al,O; causes the decrease of the number of non-bridging oxygen
ions of the silicate network.
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Influence of composition on the transition temperature

Figures 5.9 to 5.12 showing the relation between the temperature 7 at which
log n = 7-6 and the composition of the glasses, reveal that the maxima in the
viscosity move to somewhat lower alkali-oxide content and become less
pronounced the more SiO, is present in the glass, compared to the figures show-
ing the behaviour of T (log # = 12) with composition. Visser 5—%), basing him-
self on the work of Beekenkamp %) on borate glasses, has explained this effect
by postulating that at higher temperatures more non-bridging oxygen ions are
formed at the expense of BO, tetrahedra, resulting in a less coherent network
and thus a less pronounced viscosity increase.

However, Raman spectra of glasses cooled from different temperatures and
at different velocities did not show any difference. This result does suggest that
there is no coordination change of the boronions from tetrahedral to triangular
coordination on increasing the temperature. Also, the work of Riebling 5~°) on
volume relations in Na,0-B,0; and Na,0-B,0,-Si0O, melts at 1300 °C,
shows that BO, tetrahedra appear to be quite stable at high temperatures. Due
to the absence of a generally agreed theory of the processes which govern vis-
cous flow no attempt will be made to give an explanation for the differences in
the viscosity results at T (log § == 12y and T (log = 7-6).

5.4. Conclusions

The composition-viscosity relationship measured for borosilicate glasses is
consistent with other experimental evidence in this thesis when these have fo
be interpreted in terms of structure of the glasses.

The results show that at Jow SiO, content the borate phase is continuous and
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is the primary viscosity-determining factor. Nearly all the alkali ions are in-
corporated into the borate network to form BO, tetrahedra. At alkali-to-boron
ratios of about 0-5 the presence of non-bridging oxygen ions is indicated by the
decline of the increase in viscosity with addition of alkali oxide. SiO, seems to
be present in a vitreous silica-like structure most probably agglomerated into
islands; at alkali-to-boron ratios of about 0-5 the presence of non-bridging
oxygen ions connected to SiQ, tetrahedra cannot be excluded.

At relatively Aigh SiO, content of the borosilicate glasses a similar behaviour
may be observed although less clearly than when the SiO, content is lower. This
means that borate groups with BO, tetrahedra are again formed at low alkali-
oxide content and that only a minor number of alkali ions is incorporated
in the glass network directly connected to SiO, tetrahedra.
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6. ELECTRICAL CONDUCTION OF BOROSILICATE GLASSES
6.1. Introduction

It is generally accepted that in many glasses alkali ions move under the in-
fluence of an electric field. Therefore, glasses such as alkali silicate, alkali borate
and alkali borosilicate show ionic conduction.

The conductivity o of a glass containing only one type of charge carrier, for
instance an alkali ion, can in general be described by the equation

o = 0, exp (— E/RT)

where o, is a pre-exponential factor, E the activation energy, R the gas constant
and T the absolute temperature. The logarithmic version of this expression is
usually referred to as the Rasch-and-Hinrichsen equation 5-1), In most glasses
a linear relationship can be observed between log o and the reciprocal of the
absolute temperature, with the result that the Rasch-and-Hinrichsen equation
has come into common use. A break can generally be observed in the relation
of the logarithm of electrical conduction and the reciprocal of the absolute
temperature near the transition temperature. As the temperature approaches
the range where structural rearrangements become possible, the conductivity
increases more rapidly with increasing temperature, usually leading to a second
region where the Rasch-and-Hinrichsen equation applies with a hijgher activa-
tion energy.

The dependence of the activation energy of the electrical conduction on the
composition of the glass is discussed by Stevels 6~'9), This author suggests that
the activation energy is determined by the average height of potential barriers.
In this way one may explain the higher activation energy for K* ions in potas-
sium-silicate glasses compared to the activation energy for Na* ions in sodium-
silicate glasses up to a certain amount of alkali oxide. At higher alkali-oxide
concentration the glass structure becomes less dense, the larger K* ions may
now move more easily than the smaller Na* ions because the latier are bonded
more strongly to the network. For a more extensive introduction to the mech-
anism of ionic conductivity the reader is referred to the reviews by Hench and
Schaake 5~2) and Stevels 5-19), ‘

There have been relatively few attempts to get information on the molecular
structure of oxide glasses from electrical-conduction measurements. Becken-
kamp 5-3), for instance, used electrical-conduction measurements to study the
structure of glasses in the system K,0-B,0;-Al1,0;. Electrical conductivity in
alkali-silicate glasses has been studied extensively. In general a rapid increase of
the conductivity is observed on addition of alkali oxide to vitreous silica up to
about 20-30 mol % alkali oxide, at higher concentrations the increase is less
pronounced. This increase in conductivity can be directly related to the mobile
alkali ions. ‘
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It is also known that thermal treatments in the annealing-transformation
range have a significant influence on the electrical conduction of many
glasses. As an example the work of Charles -*) on lithium-silicate glasses may
be quoted. This shows the influence of phase separation or stress in the glass
on the electrical conduction of glasses.

The effect of the water content on the electrical conduction of sodium-
silicate glass was studied by Martinsen and McGee %5). It was established
that small numbers of hydroxyl ions increased the electrical conduction of the
silicate glasses remarkably. Scholze and Mulfinger ¢-¢), on the basis of dif-
fusion experiments, proposed that H* ions jump from OH~ ions to a neigh-
bouring non-bridging oxygen ion and that the electrical charges are neutralized
by simultaneous diffusion of OH~ ions. Such a reaction may also take place.in
the presence of an electric field giving rise to an increase in the conduction as
suggested by Martinsen and McGee ¢-5).

Electrical conduction in alkali-borate melts was studied by Miiller 6-7-%),
This author showed that the electrical conduction in alkali-borate melts in-
creased rapidly in the 15 to 50 mol % alkali-oxide range measured at the same
temperature. The presence of small units in borate melts is not confirmed by
these measurements.

Electrical conduction in sodium- and lithium-borosilicate glasses was meas-
ured by Otto °~°). The temperature dependence of the electrical conductivity
was found to follow the Rasch-and-Hinrichsen ¢~') equation up to the softening
range. The conductivity was increased by raising the alkali-oxide content, or, if
the mole fraction of alkali oxide was kept constant, by increasing the concen-
tration of Si0,. According to Otto three concentration regions could be dis-
tinguished for the description of the activation energies. A rather steep but
linear decrease was observed from 0 to 25 mol % alkali oxide at a constant
mol 9, SiO,. An abrupt change was observed at 25 mol 9 alkali oxide, the
activation energy still decreased linearly with increasing alkali-oxide content
but the proportionality constant is only about one fourth the value at lower
concentrations. Raising the alkali concentration above 50 mol % does not lower
the activation energy any further. This behaviour is not explained by the author.

6.2. Experimental results

The direct-current resistivity, which is the reciprocal of the conductivity o,
has been measured as a function of temperature in the range ¢ = 10° to 10® ohm
cm, for a large number of compositions in the Li-, Na-, K- and mixed Na-K-
borosilicate glasses. As already explained in sec. 2.1, it was essential to prepare
the samples by wet-chemical techniques followed by vacuum melting for a
certain period, so as to obtain reproducible results. In most cases a linear re-
lationship between log ¢ and 1/7 could be observed, where g is the specific
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resistance, so that the resistivity seems to obey the Rasch-and-Hinrichsen
relation

1 A+ £
ogo = e
ge RT

where —A4 is the logarithm of the pre-exponential factor and E the activation
energy. In a number of cases the relationship showed a bend near the trans-
formation range but on both sides of this bend a linear relationship could be
observed. :

Figures 6.1. to 6.8 show the relation between the values of thé activation
energy E, and the composition of the glass for certain composition series.
Figures 6.9 to 6.16 show the relation between the temperature T at which
log,, 0 = 7 and the composition for the same series. The measured values of
E, that are encircled in figs 6.1 to 6.8 at low alkali concentration, are values of
E, above the transformation range. The tables in the appendix show the values
of 4 and E, for every composition measured, together with the appropriate
temperature range for the values measured.

For each composition the specific resistance was measured on two samples
and at least ten temperatures. The experimental error in determining the
activation energy is below 0-04 ¢V, the error in the temperature at which
logyo @ = 7 is below 5 °C in comparison with all the compositions studies; there
may be an absolute error of 10 °C maximally which is the same for all com-
positions. |

All samples were cooled directly from the melting temperature to room tem-
perature in air and not annealed. For some compositions in the series with
35 mol 9 SiO, the influence of phase separation on the E, and Tﬁlog g =17
values was studied. Compared to the unannealed glasses, the glasses with
a clearly visible developed phase separation did not show significant differences
in the values of E, and T (log ¢ = 7).

The influence of hydroxyl ions on E, and T (log ¢ = 7) was evident. Especially
those values of E,, which were measured above the transition range are suscep-
tible to smali numbers of hydroxyl ions. From infrared measurements in the
range around 3600 cm~! where the hydroxyl ions show their characteristic ab-
sorption it was established that an increase in the number of hydroxyl ions
means a significant decrease in the activation energy. For a glass of composition
0-65 B,O, . 0-35 SiO,, E, was 1-66 ¢V when this glass contained about 300 ppm
H,0, decreasing to 1-54 ¢V at about 400 ppm H,O. The values of E, meas-
~ ured below the transition range are much less susceptible to small variations in
the water content, thereabove the amount of hydroxyl ions in the glass decreases
with increasing alkali-oxide content down to values of about 30 ppm H,0 (or
less) at 30 mol 9 alkali oxide.
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The influence of increasing amounts of Al,O; on E, and T (log ¢ = 7) of two
borosilicate glass compositions is shown in table 6-1.

TABLE 6-1
The influence of Al,O; on E, and T (log o = 7) of two borosilicate glasses

glass composition E,(eV) T(loge
=7 (O
0-1 Na,0.01 K,0.0-65B,0;.0-158i0, 123 375
v -+ 005 AL,LO, 109 363
v 4+ 010 ALLO;  1:19 368
v +015A1,0;, 1-13 369
»s +020A1,0; 109 364
0-1 Na,0.0-1K,0.0:15B,0, . 0:658i0, 1-05 306
' +005A1,0;, 104 306
» -+ 010 ALO; 102 300
. +0-15A1,0; 096 274
» +020A1L,0;, 092 245

6.3. Discussion of results

Discussion on E,

It may be observed in figs 6.1 to 6.8 that the first additions of alkali oxide to
borosilicate glasses bring about a rise in the value of E,, measured at tempera-
tures above the transformation range. After a maximum is reached, the value of
E, decreases. This behaviour can hardly be explained in terms of structural units
in the borosilicate glasses because of the influence of hydroxyl ions in this range.
By longer vacuum melting the values of E, did not rise further, nor does the
hydroxyl content decrease.

Otto 5-9) who measured E, at temperatures below the transition range in the
systems Na,O0-B,0;-Si0, and Li,0-B,0,-8i0, found a linear decrease of the
activation energy with increasing alkali-oxide content neglecting any influence
of hydroxyl ions. In this thesis it is found that this influence below the transition
range is less. ’

The decrease in the activation energy below T, with increasing alkali-oxide
content is also observed in this thesis, although here the observed decrease is
not linear with composition as in the measurements carried out by Otto 5-°).

For the lithium-, sodium- and potassium-borosilicate glasses in the com-
position series with 15 mol 9/ SiO, about the same values of E, at compositions
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of equal alkali-oxide content is observed (range below T,). At 65 mol 9 SiO,
the values of E, for the potassium-borosilicate glasses are somewhat higher
than for the sodium-borosilicate glasses. It can be observed that the values of
E, for mixed Na—-K-borosilicate glasses are higher than the corresponding values
for the unmixed systems. This is usually observed in mixed alkali glasses (mixed-
alkali effect). For an explanation of this see the work of Stevels 6-19),

The influence of Al,04 ‘

The influence of the addition of 5 mol %, Al,O; on E, for certain clomposition
series is shown in figs 6.6, 6.7 and 6.8. It may be observed that the added 5 mol %
AL, O; exert some slight influences on E,. Again the slight differences that are
observed are too small to be discussed in terms of certain structuraJ‘l units.

The introduction of increasing amounts of Al,O; up to 20 mol ¥} in a glass
of composition 0-1 Na,O0 .01 K,0. 0:65 B,0;.0-15 SiO, gradually lowers
the activation energy somewhat (cf. table 6-I); this is difficult to explain in terms
of structural units. It does however not contradict the observation made by
Raman spectroscopy which suggests that alkali-borate groups are gradually re-
placed by AlO, tetrahedra and boroxol groups.

For glass of compositition 0-1 Na,O . 0-1 K,0 . 0-15 B,0; . 0-65 SiO, in-
creasing amounts of Al,O; lead to a decrease in the activation energy (cf.
table 6-I). This is also observed in silicate glasses. The aluminum-oxygen tetra-
hedron has a larger effective anionic radius than the silicon-oxygen tetrahedron
since the negative charge is effectively spread over the aluminum-oxygen tetra-
hedron. Thus the alkali ions are bonded less tightly to this alumiﬂum-oxygen
tetrahedron and the activation energy for electrical conduction is lowered.

This explanation suggests too that in the base glass (without Al,O;) the small
number of alkali ions in the continuous silicate phase primarily takes partin the
conduction process. |

Discussion on T (log ¢ = 7)

From figs 6.9 to 6.16 it may be observed that in general the T (logo = 7)
decreases on increase of the alkali-oxide content in certain series with a constant
mole fraction of Si0,. The values obtained above T, are encircled in the figures.
The values are again susceptible to hydroxyl ions in the glass, the resistance
being lowered in general on increase of the hydroxyl content. |

The observed lowering of the resistance on increase of the alkali-oxide content
is consistent with the theory that alkali ions are the most mobile charge-con-
duction species. The resistance of the potassium-borosilicate glasses below T,
is generally somewhat higher than that of the sodium-borosilicate glasses which
may be explained by the difference in the radii of these ions, although other
factors may also be involved. The mixed Na-K-borosilicate glasses in general
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show a higher resistance than the unmixed systems at equal alkali-oxide content
(mixed-alkali effect).

Introduction of 5 mol %, Al,O; in borosilicate glasses of certain composition
series does not alter the resistance significantly at compositions with a relatively
high alkali-oxide content. For the compositions with 65 mol %, SiO, it may be
observed that at lower alkali-oxide content the resistivity is decreased some-
what. This is consistent with the Raman data which show a decrease of alkali-
borate groups on the introduction of Al,Q; and a possibly more uniform dis-
tribution of the alkali ions over the complete glass network.

The influence of higher amounts of Al,O; on the resistivity of glass of com-
position 0-1 Na, 0. 01 K,0.0-65B,0; . 0-15 Si0O, is negligible (cf. table 6-1).
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This is consistent with the results of the Raman spectra of these glasses, which
suggest that SiO, is dispersed in an alkali-borate network and that the introduc-
tion of Al,0; does not alter the distribution of the alkali ions in the borate
network to such an extent that significant differences in the resistivity may be
expected. So the AlOQ, groups seem to be distributed over the boroxol network
and not agglomerated in small islands thus giving rise to a low-conducting,
continuous boroxol network.

For the composition 0-1 Na,0 . 0-1 K,0 . 0-15 B,0; . 0-65 SiO, a significant
decrease in resistivity may be observed on increase of the Al,O, content. This
is consistent with the results of the Raman spectra of these glasses and suggests
that on the introduction of Al,O; in this glass the alkali ions are taken away
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from the metaborate groups, most probably grouped together in small agglom-
erates to form a more uniform distribution over the aluminum-silicate net-
work, thus increasing the number of charge carriers in the continuous phase.

6.4. Conclusions

The electrical-conduction behaviour of borosilicate glasses confirms the
generally accepted view that alkali ions are the primary charge carriers below
T,. Above T, it cannot be excluded that small numbers of hydroxyl ions and/or
protons take part in the conduction process, so that an interpretation in terms
of structural units is impossible.

There is a negligible influence on the electrical resistivity of annealing and
thus induced visible phase separation in the samples. Thus, the annealing proc-
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ess does not significantly influence the mobility of the alkali ions in the conduct-
ing continuous phase. This is consistent with the results of the Raman spectra
which-showed that even in the unannealed samples an invisible phase separation
is present.

Interpretation of the results in terms of structural units in borosilicate glasses
is very difficult. The introduction of increasing amounts of Al,O, in two boro-
silicate glasses influences the E, and T (log ¢ = 7) in a way that is consistent
with the results of the Raman spectra. At low SiO, concentration the AlO,
tetrahedra seem to be distributed uniformly over the boroxol network and not
agglomerated into islands of enriched aluminum content. At relatively high
Si0, concentration the AlQ, tetrahedra seem to be distributed uniformly over
the silicate network.
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7. LINEAR THERMAL EXPANSION OF BOROSILICATE GLASSES

7.1. Introduction

The purpose of the measurement of the linear-thermal- expansion coefficient
of borosilicate glasses is to obtain some more qualitative information on their
structure. The coefficient of linear thermal expansion generally depends on the
temperature, composition and thermal history of the glass. The composition of
a glass influences its structure, hence by comparison of the expansioh coefficient
of glasses of different composition, information can be obtained on the dif-
ferences of their structure. In general the presence of more-asymmetrical units
in the glass will lead to an increase in the thermal-expansion coefficient because
the thermal expansion is caused by anharmonic vibrations, on thé other hand
a more coherent network will lead to a decrease in the expansion coefficient.

The influence of the thermal history is diminished extensively by using wet-
chemical preparation methods as explained elsewhere (Konijnendijk,” Van
Duuren and Groenendijk 7-1)). i

7.2, Experimental results

The linear thermal expansion (deg™!) was measured from 30°C to 300°C for
a large number of compositions. All measurements were done on two samples
both during a heating-up period and during a cooling-down period immediately
afterwards. The error in the measurement of the expansion coefficients is
below 2%, The expansion coefficients at 200, 250 and 300 °C are given in the
tables in the appendix. g

For selected composition series the results are shown graphically in figs
7.1 to 7.5. These figures show the change in the expansion coefficient at constant
Si0, content and increasing alkali-oxide content. In these figures only the expan-
sion coefficients at 200 °C during the cooling period are presented. Together
with these, figures of a normalized expansion coefficient are also shown. By this
is meant the ratio

@ ([R;0] = x)/a([R,0] = 0).

These values are plotted versus mol ¥, alkali oxide in figs 7.9 and 7.10. This is
done to get a better insight in the influence of SiO, on the expansion behaviour.

The influence of an addition of 5 mol %, Al,O, to the glass on the expansion
coefficient is shown in figs 7.6, 7.7 and 7.8. The influence of the addition of more
Al1,0; is shown in table 7-I for two glasses. In all these figures the points
represent the average of two experimental values.

For some compositions the influence of phase separation on the thermal-
expansion coefficient was measured. The results are shown in table 7-11. The
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TABLE 7-1

Influence of increasing amounts of Al,O5 on the expansion coefficient at 200 °C
of two borosilicate glasses

glass composition a. 107

0-10 Na,0 . 0-10 K,0 . 0:65 B,0; . 0-15 Si0O, 105 101
" +005A1,0, 106 105
. +0-10 ALO;, 108 108
» +0-15 AL, O, 108 107
. 1020AL0O, 107 105

0-10 Na,0. 010 K,,0 . 0:15 B,0; . 0:65 5i0, 105 104
» +0-05 ALO; 969 967
’ +0-10 ALLO, 946 931
” +0-15 Al,O4 950 949
’ +0-20 ALL,O, 996 995

TABLE 7-1I

Influence of annealing at 600 °C for 4 hours on the expansion coefficient of
some borosilicate glasses apt to phase separation (in all specimens a clearly
visible phase separation had developed except in the specimen with 0-20 Na,0)

o. 107 a. 107

lass composition
g P not annealed annealed

0075 Na,0 . 0-575 B,0O; . 0-35 SiO, 767 753 71-5  70-2
0-115 Na,0 . 0-535 B,O, . 0-35 SiO, 787 776 732 7119
0-14 Na,0.051 B,0;.0358i0, 833 795 78-8 728
020 Na,O.045 B,0,.0-358i0, 993 986 91-5 906

glasses were annealed at 600 °C for 4 hours, giving rise in most cases to a
visible phase separation.

Borosilicate glasses with alkaline-earth ions generally show small glass-
forming areas, so it is impossible to measure the expansion coefficient of
alkaline-earth-borosilicate glasses in the same composition series as the
alkali-oxide-containing glasses. The results of some measurements of, in
most cases mixed alkaline-earth- and alkali-borosilicate glasses, are shown in
table 7-I11.
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TABLE 7-111

Expansion coefficient of alkaline-earth-oxide-containing borosilicate glasses.
For comparison some values of mixed sodium- and -potassium-borosilicate
glasses are shown

o . 107 of
composition «. 107 NsKO
glasses
0015 K,0 . 0015 Ca0 . 0-82 B,O, . 0:15 Si0Q, 90-4 88-0 11103 103
005 K,0. 0:05 Ca0 . 0-75 B,O; . 0:15 Si0Q, 80-8 806 | 940 936
0-10K,0 . 0:10 Ca0 . 0-65 B,0; . 0-15 SiO, 80-5 80-1 [105 101
0-15K,0.015 Ca0O . 0-55B,0; . 0-15 SiO, 9244 912 }121 118
010 K,0.0-10 Ca0 . 0-15 B,0O; . 0:65 Si0, 754 753 105 104
0-15X,0.0-15 CaQ . 0:05 B,O; . 0-65 Si0, 97-3 939 |157 156
0-10 X,0.0-10 BaO . 0-65 B,O; . 0-15 8i0, 81-:2 798 {105 101
0-10X;0.0-10 BaO . 0-15 B,0; . 0-65 SiO, 763 754 105 104
0-20 BaO . 065 B,0, . 0-15 8i0, 673 672
0-30 BaO . 0-55 B,0; . 0-15 SiO, 80-6
0-20 BaO . 0:65 B,05 . 0-15 Si0, + 005 Al,O; 681
0-40 BaO . 0+45 B,0; . 0:15 SiQ, + 005 AL,O; 93-2

Varying numbers of hydroxyl ions, at the level discussed in sec% 2.1 on the
preparation of the samples, did not show a significant influence on the expansion
coefficient. The wet-chemical preparation method of borosilicate glasses gen-
erally results in reproducible results, as has been discussed elsewher ' (Konijnen-
dijk, Van Duuren and Groenendijk 7~1)). Literature data on the expansion
coefficient of alkali-borate glasses were published by many authors, most
recently by Uhlmann 7-2). Literature data on borosilicate glasses were pub-
lished by Abe 7-3). Some data on volume relations in Na,0-B,0; and
Na,0-B,0;~8i0, melts at 1300 °C were published by Riebling %),

7.3. Discussion of results

Figures 7.1 to 7.5 show a minimum in the linear-expansion coefficient of
borate and borosilicate glasses as a function of alkali-oxide content. This mini-
mum becomes less pronounced if more SiO, is incorporated in the glass. This
means that adding alkali oxide to vitreous B,0; or B,0,-Si0O, systems at first
leads to a more coherent network, this effect becoming less pronounced the
higher the SiO, content of the glass. After a certain maximum in the coherency
of the network has been reached, this coherency decreases when more alkali
oxide is added to the glass.
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The increase in coherency can be explained by the mechanism of conversion
of triangularly coordinated boron ions to tetrahedrally coordinated ions.
Beyond a certain alkali-oxide content enough non-bridging oxygen ions are
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formed, giving rise to a less coherent network and subsequently a higher expan-
sion coefficient. In this way one can qualitatively explain the existence of the
minima. The fact that these minima are less pronounced when the SiO, content
is increased, can be explained by taking into account that the relative increase
in the coherency due to the formation of BO, tetrahedra will be less as relatively
more SiO, tetrahedra with bridging oxygen ions are present.

The place of the minimum shifts to lower alkali-oxide concentrations with
increasing SiO, content. It is observed every time at roughly the same alkali-to-
boron ratio of 1/7 to 1/8, suggesting that this ratio is an important determining
factor for the presence of certain structural units in borosilicate glasses. This
picture could also be developed from the Raman, infrared and viscosity data-
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The effect of the shift of the minimum to lower alkali-oxide concentration at
higher SiO, content and the effect that the minima become less pronounced at
higher SiO, content are more clearly shown in figs 7.9 and 7.10. In these figures
the relative thermal expansion coefficient

tre1 = o [R,0] = x)/a([R,0] = 0)

at constant SiO, content is shown as a function of alkali-oxide content.

More quantitative information on the presence of certain structural units
cannot be obtained from these expansion data. It cannot be decided which type
of borate group with a BO, tetrahedron is formed nor whether the non-bridging
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oxygen ions are primarily connected to B or Si. Nor is it possible to conclude
from these data at what concentration of alkali oxide the formation of non-
bridging oxygen ions becomes significant, since the tendency to increase the
expansion coefficient is also caused by the formation of less-symmetrical units,
actually taking place on the formation of pentaborate, triborate groups, etc.,
as becomes clear from Raman and infrared data.



— 204 —

Up to now exact knowledge about the location and environments of alkali
ions in glass is lacking. This makes it difficult to explain the differences in prop-
erties between the glasses with different types of alkali ions. For properties
that greatly depend on the coherency of the network such as the thermal expan-
sion the alkali ion with the highest ionic radius seems to produpe the least
coherent structures. This is generally explained as follows. If a cation is relatively
large, its bonding to the network will be relatively small, leading to vibrations
with larger amplitudes, therefore, these vibrations have less resemblance with
harmonic oscillators. The increased anharmonicity of the vibrations leads to
higher expansion coefficients. In this way it can be explained that the Li,O-con-
taining borosilicate glasses show a lower expansion coefficient than the corre-
sponding sodium-borosilicate glasses and these latter a smaller expﬁnsion coef-
ficient than the corresponding potassium-borosilicate systems. !

It has been stated by Isard 7—%), in a review article, that most workers found
that the expansion coefficient in mixed alkali-silicate glasses shows a small
positive departure from linearity which may give rise to a maximum. For the
systems x Na,O . (0-85 — x) B,O; . 0:15 SiO, and x K,0 . (0-85 — x) B,0O; .
0-15 Si0, compared to x NaKO . (0-85 — x) B,O; . 0:15 SiO, a negative depar-
ture from linearity can be observed. The mixed Na-K systems show an expan-
sion coefficient slightly larger than the unmixed Na systems but a clearly smaller
expansion coefficient than the unmixed K systems, so the departure from
linearity is negative (cf. figs 7.1 and 7.3).

In the borosilicate glasses with 65 mol % SiO, a clear positive departure is
observed and the presence of a maximum is indicated for the mixed Na-K
systems (cf. figs 7.2 and 7.4). The presence of a maximum is indicated because
the expansion coefficient of the mixed Na-K systems is higher than those of
the unmixed Na and K systems.

Both effects are hard to explain due to the generally poor understanding of
the mixed-alkali effect in glass. It should be remarked that the measurement of
the expansion coefficient took place at 200 °C which is closer to T, for the
glasses with 15 mol % SiO, than with 65 mol %, SiO,. This may interfere with
the rule of the positive departure from linearity, observed for silicate glasses.

Influence of Al,0,

The influence of the addition of 5 mol 9] Al,O; on the expansion coefficient
of the sodium-borosilicate glasses seems to be in accordance with other experi-
mental data (cf. fig. 7.6). It can be observed that the addition of 5 mpl %, Al,O;
to the glasses in the series x Na,O . (0-85 — x) B,0; . 0-15 SiO, has a negligible
influence on the expansion coefficient. This suggests that the coherency is not
changed very much by the addition of 5 mol % Al,O,, so in the glasses of the
series x Na,O . (0-85 — x) B,O; . 015 SiO, up to x = 0-30 probably only a
small amount of non-bridging oxygen ions is present.
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The influence of the addition of § mol %, Al,Q, to the glasses in the series
x Na,O . (0-35 — x) B,O; . 0-65 SiO, is that the expansion coefficient is signif-
icantly lowered the more Na,O is present in the glass. This suggests that from
x == (-10 on in this composition series non-bridging oxygen ions are converted
into bridging ones by the addition of Al,O, giving rise to a lowering of the
linear expansion. This picture of the influence of the addition of Al,0; to these
sodium-borosilicate glasses is completely confirmed by the Raman, infrared and
viscosity data.

The similar potassium-borosilicate glasses behave somewhat irregularly com-
pared to the sodium-containing glasses (cf. fig. 7.7). For the composition serie
x K,0 . {0-85 — x) B,0, . 0-15 SiO, one may observe that the influence of the
addition of Al,O; to the glasses at x == 0-10, x = 0-145 and x = 0-20 is small
but is significant at x == 0-30. Probably the potassium-containing glass at
x = 0-30 has more non-bridging oxygen ions than the corresponding sodium-
containing glass.

In the potassium-borosilicate glasses with 65 mol %, SiO, one may observe
that the addition of 5 mol %, Al,O; to the glasses at x = 0-05 and x =0-10 gives
rise to an increase in the expansion coefficient and at x = 0-20 and x = 0-30 to
a decrease. The decrease can be explained by the transformation of non-bridg-
ing oxygen ions into bridging ones, which is confirmed by other data. How-
ever, the increase in the expansion coefficient at x = 0-05 and 0-10 is difficult to
explain in terms of a change of the structural groups present. It may be that in
the sodium- and potassium-borosilicate glasses the Al ions are distributed
differently, for instance that the AlO, tetrahedra show a tendency to form part
of the silicate network in the case of the glasses with potassium, a tendency that
might be less in the glasses with sodium. By introducing Al in the silica network
the asymmetry is increased and consequently the expansion coefficient increased,
but this is only a tentative explanation.

The influence of the addition of 5 mol % Al,O; to the mixed Na-K-boro-
silicate glasses is more or less in between the two unmixed systems. Again it may
be observed that addition of Al,O; to the glasses in the composition series
x NaKQ . (0-85 — x) B,O, . 0-15 SiO, has a negligible influence on the expan-
sion coefficient for values of x higher than about 0-05. This probably means that
no significant amount of non-bridging oxygenions is present in the glasses of this
series.

For the glasses with 65 mol%] SiO, one may observe that the addition of
Al,0, leads to a decrease of the expansion coefficient at x = 0-20 and x = 0-30,
probably caused by the disappearance of non-bridging oxygen ions. At x = 0-10
certainly non-bridging oxygen ions are present connected with ring-type meta-
borate groups as was revealed by the Raman spectra. However, the addition of
Al,0; does not reveal this in the expansion behaviour. Again, as in the unmixed
potassium system, a counteracting mechanism may be responsible for the
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absence of the decrease in the expansion coefficient with this composition.

The influence on the expansion coefficient of the addition of up to 20 mol %
Al,O5 to a glass of composition 0-10 Na,0.0-10 K,0.0:65 B,0,.0-15 SiO,
is negligible (cf. table 7-I). From Raman spectra it became clear that this glass
has almost no non-bridging oxygen ions, so that a spectacular decrease in the
expansion coefficient is not very likely to occur, as evidenced by the experimental
data. On the glass of composition 0-10 Na,0 . 0-10 X,0 . 0-15 B,0, . 0-65 Si0O,
the influence of the addition of up to 20 mol %, AL, O, is different (cf. table 7-I).
One observes a decrease in the expansion coefficient up to 10 to 15 mol % ALLO,
and thereafter an increase. Raman data suggest that in the glass without A1LLO,
10 to 15 mol %, of the alkali oxide is bonded to non-bridging oxygen ions of the
ring-type metaborate group. This explains the decrease in the expansion coef-
ficient up to 10 to 15 mol % Al,O,. The increase of the expansio,h coefficient
may be caused by the incorporation of AlO, tetrahedra in the silicate structure
giving rise to more asymmetry and consequently a higher expansion coefficient
as suggested earlier.

The influence of alkaline-earth oxides on the expansion coefficient of some
borosilicate glasses is shown in table 7-I11. The expansion coefficient of the
mixed K-Ca and K-Ba glasses is definitely lower than those of the mixed Na~-K
~ glasses. This suggests that the coherency of the network has increased by the
introduction of alkaline-earth ions. This can be explained by taking into account
that one alkaline-earth ion compensates the negative charge of two BO, tetra-
hedra or two non-bridging oxygen ions. Thus the coherency of the network is
increased. Also, the unmixed barium-borosilicate glasses show an expansion
coefficient much below the values of the unmixed sodium- and' potassium-
borosilicate glasses. The explanation for this is the same as above.

|
7.4. Conclusions :

The results of the linear-thermal-expansion-coefficient measurements are in
agreement with other experimental evidence in this work when these results
have to be interpreted in terms of structure of the borosilicate glass@es.

At low SiO, content the alkali ions are primarily bonded to the borate net-
work to form BO, tetrahedra. Increase in the alkali-oxide content generally
results in a gradual, relative increase of the amount of non-bridging oxygen
ions.

' The relative amount of non-bridging oxygen ions also increases with increas-
ing SiO, content. It cannot be concluded as to whether these non-bridging
oxygen ions are bonded to the borate or the silicate network.

Addition of Al,0, leads to a decrease in the expansion coefficients in those
composition ranges of the borosilicate system where significant amounts of non-
bridging oxygen ions are present.
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8. INTERNAL FRICTION OF BOROSILICATES GLASSES

8.1. Introduction

In oxide glasses a variety. of mobile ions is present which may exhibit
mechanical relaxation phenomena. These ions are able to react to an external
alternating mechanical stress with a certain delay. Due to this delayed relaxa-
tion, phenomena may be observed which are accompanied by the absorption
of energy. In the case of mechanical relaxation, the quantity tan d is propor-
tional to the energy dissipation. Usually tan § is given by the factor Q! which
is known as the internal friction.

1t is well known that one of the processes that causes the mechanical losses in

from interstice to interstice as a result of the deformation caused by the mechan-
ical forces applied (Stevels 3-%)). For sodium ions the activation energy of this
mechanical relaxation process has been found to be of the order of 0-7 eV, a
value that is consistent with other experimental data, such as electrical-conduc-
tion and diffusion processes.

This mechanical relaxation process may be observed at frequenc:es from
about 1 to 10 Hz around room temperature and shifts to higher temperatures
as the frequency is increased. For a more extensive theory of the processes
underlying the mechanical relaxation phenomena in glasses, the reader is for
instance referred to the work of Stevels 8-t) or De Waal 8-2),

As was remarked by Eckstein ®-%) the existence of internal-friction peaks in
glass is not consistent with the structural model of glasses put forward by
Zachariasen in his random-network model. In a completely random network
all relaxation times must have the same probability and the internal friction
may only be observed as a continuous flat spectrum. In view of this it has been
suggested that a certain short-range order exists in glass, by which is meant that
the environment of the sodium ions cannot all be completely different from
another. However, no internal-friction peak can be produced when the sodium
ions jump from and to equal sites. That is to say, the sites must be different with
respect to the direction of the macroscopic stress.

8.2. Experimental results

All glasses were prepared using the sol-gel technique described in sec. 2.1.
After melting, the glasses were remelted under vacuum. From these samples
fibres, about 100 mm long and 0-6 mm thick, were drawn. All thes¢ fibres were
annealed for about half an hour at the temperature at which log n = 14 and
thereafter cooled to room temperature in the same electric furnace.

The internal-friction measurements were done with a torsion pendulum¥®),

*) This torsion pendulum is present at the Technological University Eindhoven, The
Netherlands.
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described by Van Ass and Stevels 8—*). The measurements were done as a func-
tion of the temperature and the composition of the glass at a frequency of about
0-7 Hz and at pressure below 0-05 torr. The temperature range was from —90 °C
to 400 °C. The internal friction was calculated from the decay rate of the tor-
sional vibrations.

The torsion pendulum, primarily constructed by De Waal 3-2?) and modified
by Van Ass and Stevels 8~4) is built up as follows. Aninertia member is attached
to a glass fibre which is positioned inside the controlled zone of an electric
furnace. The system is set in torsional vibration by means of a pair of electro-
magnets located closely to the steel ends of the inertia member. The oscillation
of the system is followed by means of an optical electronic detector which essen-
tially determines the angular velocity of the pendulum when it passes through
its rest position. The whole system is contained in a vacuum enclosure and is
provided with a double-walled glass bell jar as used for liquid-nitrogen cooling.

For selected composition series the results of the tan § measurements are
shown in figs 8.1 to 8.4. The measuring points are deleted from these figures,
but these were taken about every 8-10 °C.

8.3. Discussion of results

Figure 8.1 shows that on increase of the Na,O content in glasses in the series
x Na,O. (0-85 — x) B,O; . 0-15 SiO, the maximum of the low-temperature
peak shifts to lower temperatures and increases in height. Introduction of
5 mol 9} Al,O, generally increases the “peak temperature” somewhat and
lowers the height.

18-
16}
tan §
J0° W
T 12}
10F
8..
sk
4k
2..
%66

s T (°C)
Fig. 8.1. Internal friction of glasses in the system x NayO. (085 — x) B,0,.0-15 8i0,.
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Compared to the internal-friction measurements of De Waal 3-2) in the
binary system x Na,O . (1 — x) B,O;, the peak temperature is lowered some-
what by the introduction of 15 mol %, SiO, at equal x. This alkali relaxation
peak is also observed at lower values of x. Introduction of a small amount of
Al,O; in the binary system x Na,O. (1 — x) B,O; has a similar 1nﬂuence as
was shown by De Waal 8-2), :

The increase in height of the sodium relaxation peak on increase of the alkali-
oxide content may be caused by the following relevant factors:

- the distribution of the relaxation times changes,

— the number of ions taking part in the relaxation process mcreases

— the number and distribution of sites changes.
From fig. 8.1 it becomes clear that there is no drastic change of the half width of
the peaks, so it is not suggested that a change in the distribution times is respon-
sible for the rise of the peak. It is suggested that the second and third factors
mentioned are primarily responsible for the rise of this peak.

The system x Na,O. (1 — x) B,0; may be discussed for values x > 0-15.
At lower values of x no alkali relaxation peak was observed by De Waal 8-2),
As was mentioned by De Waal it is absolutely necessary that the sites are un-
equally modified by a macroscopic stress if an internal-friction peak is to be
observed. It is obvious that the presence of non-bridging oxygen ions introduces
a great asymmetry in the network. De Waal ®-2) pointed out that the presence
‘of two types of oxygen ions, viz. the bridging and the non-bridging oxygen ions
introduces a certain asymmetry in the distribution of the bonding forces between
a sodium ion and its surroundings and this favours the occurrence of an internal-
friction peak. This occurrence of an internal-friction peak at 15 hol % Na,O
fits in with other experimental evidence that at about this concen’cra1 ion the first
detectable amount of non-bridging oxygen ions is formed (Beekenkamp -5,

Glasses with 15 mol %, SiO,

Because the internal-friction peak may already be observed at x = 0-05 for
glasses in the composition series x Na,O . (0-85 — x)} B,0; . 0-15 SiO, the con-
clusion can be drawn that the introduction of SiO, leads to an increase in the
formatien of non-bridging oxygen ions compared to the binary sodium-borate
glasses. This is consistent with other experimental evidence in this thesis.

The decrease of the peak temperature generally suggests that the activation
energy is lowered, but in fact this can only be proved by measuring tan é at
another frequency also. However, the lowering of the activation energy is
consistent with the decrease in activation energy of electrical conduction in these
glasses (cf. chapter 6). The introduction of 5 mol % Al,O, generally lowers the
peak height of the losses and increases the peak temperature somewhat. The
first effect may be explained by assuming that Al,O, primarily takes away non-
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Fig. 8.2. Internal friction of glasses in the system x Na,O.{0-85— x) B,03.0-158i0, -+
005 AL,O,.

bridging oxygen ions, thus decreasing the sites that may give rise to an internal-
friction peak.

Glasses with 65 mol %, SiO,

For glasses with 65 mol % Si0, it may be observed in fig. 8.3 that the low-
temperature loss peaks due to relaxation of the alkali ions are only somewhat
higher or about equal as compared to those of glasses with 15 mol % SiO, and
equal Na,O content. From the Raman spectra of the glasses in both composi-
tion series it follows that in the glasses with 65 mol % SiO, relatively more non-
bridging oxygen ions are present. However, the internal-friction peak is not
higher. This suggests that in the case of glasses with 65 mol 9/ SiO, about the
same amount of sodium ions takes part in the relaxation process as in glasses
with 15 mol % SiO,.

A similar effect is observed on addition of Al,0;. The influence on the inter-
nal-friction peak of the introduction of 5 mol %, Al,0O; is generally small on
glasses with 65 mol % SiO, (fig. 8.4). At x == 0-10 and 0-20 the peak height is
about equal, at x = 0-30 it decreases somewhat. The peak temperature in-
creases somewhat at x == (-20 and 0-30 but this is not very significant. From the
Raman spectra it is clear that the introduction of Al,O, into the glass at x = 0-20
primarily leads to a decrease in the amount of ring-type metaborate groups and
thus to a decrease of the amount of non-bridging oxygen ions. This decrease of
the amount of non-bridging oxygen ions has no significant influence on the
peak height of the alkali internal-friction peak.
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The high-temperature peak in figs 8.3 and 8.4 will not be discussed in this
context since it must be attributed to the cooperative movement of a sodium
ion and a neighbouring proton as was proved by Day and Stevels 3-6).

8.4. Conclusions

The internal-friction measurements suggest that in the borosilicate glasses
with 15 mol % 8iO,, more non-bridging oxygen ions are present than in the
binary sodium-borate glasses. Increase of the Na,O content leads to more non-
bridging oxygen ions.

For the borosilicate glasses with 65 mol % Si0O, it may be observed that
increase in the alkali-oxide content leads to an increase of the internal-friction-
peak height. Although, in this case, more non-bridging oxygen ions are formed
than for the glasses with 15 mol % SiO, the sodium-loss peaks have nearly the
same height when the alkali concentration is equal. This suggests that a certain
amount of non-bridging oxygen ions has to be available for an internal-friction
peak to be observed but that the height of the peak is primarily determined by
the number of sodium ions.
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9. DENSITY AND REFRACTIVE INDEX OF
BOROSILICATE GLASSES

9.1. Introduction

Measurement of the density of glasses as a function of their composition usnally
gives little information on the structure of these glasses. Irregularities may
sometimes be observed in the density versus composition relation which is used
by some authors to explain said irregularities in terms of change of the structure
(Coenen °~1) and Eversteijn, Stevels and Waterman °-2)), :

Measurements of the refractive index as a function of the composition of
glasses can give some qualitative information on the presence of non-bridging
oxygen ions, when the density of the glasses is measured at the same time. The
non-bridging oxygen ions have a higher polarizability than the bridging ones,
which gives rise to an increase in the refractive index of glasses when these non-
bridging oxygen ions are formed. However, a rise in the refractive index may
also be caused by an increase in the density, hence discussion of measurements
of the refractive index may be hampered when these measurements have to be
interpreted in terms of structural units. ‘

As all samples had been prepared primarily for other measurements, it was
fairly easy to determine the density and refractive index of these samples also.

9.2. Experimental results

All samples were prepared using the sol-gel method described in sec. 2.2.
The glasses were melted and remelted in vacuum, the melt being cooled after-
wards to room temperature without annealing. Samples were obtained for the
measurements by sawing and polishing. The density (g/cm?) of the glasses was
calculated from the difference in weight of the samples in air and watér at 24°C.
There are more-accurate methods for measuring the density but the one applied
here is sufficiently so to allow use of the results for conclusions' as to the
structural changes of borosilicate glasses in some composition series.

The measurements of the refractive index were done with an Abbe refractom-
eter.

For some selected composition series the results are shown graphically in
figs 9.1 to 9.4. The tables in the appendix show the numerical values of the
density and refractive index of these glasses.

9.3, Discussion of results

In fig. 9.1, which shows the density for some sodium- and potassium-boro-
silicate glasses in the composition series with 15 mol % Si0,, it may be observed
that the sodium- and potassium-borosilicate glasses have practically the same
density up to 30 mol %, alkali oxide. The binary sodium- and potassium-borate
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Fig. 9.1. Density of borosilicate glasses.

glasses also show a practically identical density at equal alkali-oxide content
(Coenen 2~ 1)). The glasses in the composition series with 15 mol %, Sio, have a
somewhat lower density than the binary borate glasses. No breaks can be
observed in the density versus composition behaviour of these borosilicate
glasses.

It may be observed that the introduction of 5§ mol% Al,O; in the boro-
silicate glasses with 15 molJ; SiO, increases the density somewhat at lower
alkali-oxide content, but gradually the difference disappears.

The absence of breaks in the density versus composition relation suggests
that there are no sudden structural changes in these glasses at a certain
composition. ‘

The general lower density of the borosilicate glasses with 15 mol %, SiQ, at
low alkali-oxide content is consistent with the results of other measurements
given in this thesis showing that SiO, is primarily present in a v1treous silica-
like structure.

For the glasses with 65 mol %, SiO, it may be observed that the increase in the
density on increase of the alkali-oxide content gradually diminishes the higher
the alkali-oxide content (fig. 9.2). This may be explained by assuming that the
tendency to formation of BO, units becomes less the more alkali oxide is
present, and that the contraction of the network is counteracted in this way.
Other slight differences that may be observed can hardley be used for con-
clusions about the structure of these glasses.

The relationship between the refractive index and the composition of the
sodium- and potassium-borosilicate glasses with 15 mol¥; SiOQ, is shown in
fig. 9.3. Here too, no sudden breaks can be observed in the refractive-index—
composition relationship so that no sudden structural changes are mdlcated in
these glasses,
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The refractive index of the potassium-borosilicate glasses is somewhat lower
than those of the corresponding sodium glasses, which is also obseq\red for the
binary borate glasses. From the density and refractive-index values the molar
refraction can be calculated, using the equation

n—1M
M_nz—{—Zd

where R, is the molar refraction, n the index of refraction, M the average
molar weight and d the density. The molar refractions are usually additively
built up of the contributions of the various ions, the ionic refraction, which is
proportional to the polarizibility of the ion in question. Thus from the values
of the molar refraction the values of the ionic refraction of the oxygen ions can
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be calculated when the values of the cations are known. As can be expected the
ionic refraction of the non-bridging oxygen ion is higher than that of the bridg-
ing one. Using the ionic-refraction values of the cations quoted by Scholze *—2)
the values for the average ionic refraction of the oxygen ions were calculated
in the composition series with 15 mol % 8iO,. These values decreased on in-
crease of the sodium and potassium contents. This suggests that no large num-
bers of non-bridging oxygen ions are formed in the glasses with 15 mot %, SiO,
up to 30 mol % alkali oxide.

For the composition series with 65 mol %/ SiO, the average ionic refraction
increases on increase of the alkali-oxide content. The gradual increase of the
average ionic refraction of the oxygen ions in the series with 65 mol % 8iO, may
be explained by an increase in the number of the more-polarizable non-bridg-
ing oxygen ions.

The introduction of 5 mol %, Al,O, into the glasses of the composition series
with 15 and 65 mol %, SiO, leads to a slight increase in the average ionic refrac-
tion of the oxygen ions. This does not suggest that the number of non-bridging
oxygen ions is decreased in the series with 65 mol % SiO,, as suggested from
other measurements. However, the ionic refraction of oxygen in aluminosilicates
is relatively high (Fajans and Kreidl ®~%)). Thus, removing a non-bridging
oxygen ion and formation of an AlO, tetrahedron does not necessarily have to
lead to a decrease in the average ionic refraction of the oxygen ions.
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Fig. 9.4. Refractive index of borosilicate glasses,
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9.4. Canclusions

The results of the density and refractive-index measurements are consistent
with the other resuits given in this thesis. It is again indicated that at low SiO,
content the alkali ions are primarily bonded to the borate network and that
only a small number of non-bridging oxygen ions is present. At higher SiO,
content the replacement of B,0O; by Na,O or K,0 has a gradually changing
influence upon the network. At lower alkali-oxide content groups with BO,
units are again probably formed, to be gradually replaced by other groups
requiring more space on increase of the alkali-oxide content.
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10. THE STRUCTURE OF BOROSILICATE GLASSES

It is generally known that the structure of glasses has to be studied by several
experimental methods if a reliable picture of the structure is to be obtained.
Therefore a number of different methods have been applied to study the struc-
ture of the borosilicate glasses. The results of all these measurements, the dis-
cussion of and the conclusions from these are given in chapters 3 to 9. The
purpose of the present chapter is to compare the different measurements with
each other and with those of the literature and to come to final conclusions on
the structure of borosilicate glasses.

From the measurements of the Raman and infrared spectra, the viscosity,
the thermal expansion and the internal friction as a function of the composition
of the glasses it becomes clear that the structural characteristics of the binary
borate glasses are to a large extent retained in the borosilicate glasses. The alkali
ions are all, or nearly all, bonded by the boron ions to form certain borate
groups when the alkali-to-boron ratio is about 0-5 or less. Above this ratio
detectable amounts of alkali ions are bonded to silicate groups, amounts that
increase on increase of the alkali-oxide content. This is most clearly indicated
by the Raman and infrared spectra and confirmed by the viscosity, thermal-
expansion and internal-friction measurements.

The Raman and infrared spectra further suggest that phase separation on a
very fine scale takes place over the whole glass-forming area of the borosilicate
systems. This is confirmed by electron microscopy of these systems by many
authors, for example by Ohlberg et al. '°-*) and Konijnendijk et al. 19-2),
This is further confirmed by leaching experiments such as, for instance those
done by Hair and Chapman 1°73). It may be recalled that wet-chemical prepara-
tion methods generally lead to more-homogeneous borosilicate glasses but that
with these methods a fine microphase separation remains present in the boro-
silicate glasses even outside the generally accepted regions of subliquidus meta-
stable phase separation (Konijnendijk et al.*°-%)). The structural units that are
present in the borosilicate glasses resemble strongly those of the binary borate
and silicate glasses, which in their turn resemble strongly those of binary crys-
talline borates and silicates.

This is most clearly indicated by the Raman spectra but also to some extent
by the infrared spectra.

Binary borate glasses

The conclusion is that in alkali-borate glasses in the composition range 0 to
20 mol % alkali oxide the boroxol groups are to a major extent gradually re-
placed by six-membered borate rings with one BO, tetrahedron. The six-mem-
bered borate rings are to a large extent ordered to form tetraborate groups in the
sodium- and potassium-borate glasses. In the composition region 20 to 35 mol %,
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alkali oxide the six-membered borate rings with one BO, tetrahedron are grad-
ually replaced by those with two BO, tetrahedra. In these borate glasses the
rings with two BO, units seem to a large extent to be connected to form diborate
groups.

The conclusion of the presence of six-membered borate rings in the binary
alkali borates is based on X-ray, n.m.r. and Raman data. As pointed out in
chapter 1 the X-ray-diffraction patterns of some borate glasses suggest that the
alkali and alkaline-earth ions are not uniformly distributed over the borate
network but that there is a tendency to a characteristic distance of first-neigh-
bour alkali and alkaline-earth ions and that this distance is nearly the same as
in comparable crystalline compounds. This suggests that in small areas the
structure of borate glasses resembles the structure of crystalline compounds.

From nuclear-magnetic-resonance measurements, done by Rh;e 104, on
sodium-borate glasses it also becomes clear that probably the same types of
borate groups are present in the glasses as in the crystalline sodium-borate com-
pounds. His results clearly indicate that up to about 20 mol %;Na,0, BO,
tetrahedra are present in the borate glasses which are not connected to each
other. Above 20 mol % Na,0, BO, tetrahedra are in gradually increasing
amounts connected to each other. These unconnected and connected BO,
tetrahedra are also observed in many crystalline borates. Above 30 mol % alkali
oxide, reasonable amounts of non-bridging oxygen ions are formed in the alkali-
borate glasses which, to a large extent, are grouped together in orthoborate,
pyroborate and ring-type metaborate groups. This result is obtained from the
Raman spectra. The formation of increasing and gradually detectable amounts
of non-bridging oxygen ions in borate glasses further correlates with viscosity,
thermal-expansion and internal-friction data.

In the mixed alkali-borate glasses in the composition range 40 to 50 mol %
alkali oxide the formation of non-bridging oxygen ions connectcb to ortho-
borate, pyroborate and ring-type metaborate groups is evidenced. This con-
clusion is based on the Raman spectra of these glasses.

Boresilicate glasses

In the borosilicate glasses with 15 mol 97 SiO, the same types of borate groups
are formed primarily as in the binary borate glasses. The Si0O, seems mainly to
be present in a vitreous silica-like structure and agglomerated into small areas.
Above the alkali-to-boron ratio of 0-5, increasing but small amounts of non-
bridging oxygen ions are formed connected to silicon ions in a disilicate-like
structure. This is most strongly indicated by the Raman spectra. The viscosity,
thermal-expansion and internal-friction data also indicate the increased forma-
tion of non-bridging oxygen ions compared to the binary borates at equal mol
percentage of alkali oxide above the alkali-to-boron ratio of 0-5. This suggests
that the formation of two paired BO, tetrahedra is preferably circumvented and
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that the added alkali oxide leads to the formation of non-bridging oxygen ions
connected to silicon as well as boron ions.

The formation of ring-type metaborate groups can be observed in these
borosilicate glasses at a lower mol percentage of alkali oxide than in the binary
borate glasses. This is primarily based on the Raman spectra but is confirmed
by the infrared spectra, the viscosity, the thermal-expansion and the internal-
friction measurements. '

The **B n.m.r. data on borosilicate glasses obtained by Scheerer et al. 19-%)
and Milberg et al. *°-%) confirm the conclusions above.

In the alkali-borosilicate glasses with 35 mol % SiO, the tendency to the for-
mation of non-bridging oxygen ions is again stronger than in the glasses with
15 mol %, 8i0,. Again the formation of ring-type metaborate groups and SiO,
tetrahedra with one non-bridging oxygen ion is observed atalower Na,O or K,0
mol percentage than is the case for the glasses with 15 mol %, Si0,. In these
glasses the six-membered borate rings with a BO, tetrahedron are also formed,
and the gradual decrease of the amount of boroxol groups observed.

In the borosilicate glasses with 65 mol 9, Si0O, the formation of non-bridging
oxygen ions takes place in already detectable amounts at about 10 mol % alkali
oxide. This is based on the Raman and infrared spectra and the viscosity,
thermal-expansion and internal-friction measurements. The Raman spectra
again indicate the resistance to the formation of paired BO, tetrahedra in the
alkali-borosilicate glasses. The non-bridging oxygen ions are primarily present
in the ring-type metaborate groups as evidenced mainly by the Raman spectra
and to some extent by the infrared spectra. BO, tetrahedra are not incorporated
in the silicate network like AlQ, tetrahedra. Borosilicate-compound formation
in this concentration area is not indicated. Most probably 8i0, is present in a
nearly vitreous silica-like structure with only a limited number of non-bridging
oxygen ions when enough boron ions are available for the formation of ring-
type metaborate groups, which latter seem to be grouped together in small
areas.

Lithium-borosilicate glasses show in general the same characteristic struc-
tural units as the sodium- and potassium-borosilicate glasses. It may, however,
be observed that replacement of an Na or K ion by Li decreases the amount of
ring-type metaborate groups when these last are present in the original sodium-
and potassium-borosilicate glasses. This is evidenced by Raman spectroscopy
of these glasses,

The introduction of alkaline-earth oxides in borosilicate glasses leads in
general to the same type of units as for the alkali-borosilicate glasses, as is
evidenced mainly by the Raman and infrared spectra. However, the relative
number of the various groups is influenced. For instance, CaQ in borosilicate
glasses counteracts the formation of ring-type metaborate groups. This may
be understood if one keeps in mind that the compound CaO.B,0; is not built
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up of ring-type metaborate groups but of chain-type groups. These chain-type
groups could not be detected in the borosilicate glasses.

Introduction of Al,O; at low alkali-oxide concentration leads to the dis-
appearance of BO, tetrahedra and formation of boroxol groups. At higher
alkali-oxide and SiO, concentrations, that is, when enough non-bridging oxygen
ions are present, the latter are removed first to form AlQO, tetrahedra. In these
cases it is not clear in what form boron ions are present in the network struc-
ture at higher Al,0; content. From the thermal-expansion measurements it is
suggested that in the high-silica range the introduction of Al,O, leads primarily
to the disappearance of the ring-type metaborate groups before the non-bnd ging
oxygen ions of SiO, tetrahedra are replaced.

As well as in the borate glasses as in the borosilicate glasses, part of the boron
. ions is not present in typical large borate groups but forms a ranqom network
of BO; triangles and BO, tetrahedra.
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APPENDIX

This appendix contains some tables of viscosity, thermal-expansion, elec-
trical-conduction, density and refractive-index results. Tables A-I to A-VII
consist of viscosity measurements. Tables A-VIII to A-XIV consist of thermal-
expansion measurements, Tables A-XV to A-XXI consist of electrical-con-
duction measurements. Tables A-XXII and A-XXIII consist of density and
refractive-index measurements.

In the tables of viscosity measurements E, stands for the activation energy of
viscous flow and A4 for the logarithm of the pre-exponential factor. Thus 4 is
calculated from the experimental measurements using the experimentally ob-
served relation

E,

4571T "

logion =4+

By this equation E, is given in kcal/mole.

In the tables of the electrical-conduction measurements E, stands for the
activation energy of ionic conduction. 4 stands again for the logarithm of the
pre-exponential factor, calculated from the experimentally observed relation

B
logme=z4+3:'

From the B in this relation E, is calculated in eV.

TABLE A-I

Viscosity measurements. System Li,O-B,0,-8i0;; x = mol % Li,0,
y = mol % B,0,, z = mol % SiO,

x y z |E,(kcal/mol){T(logyn = 12)(CC)|{Tlogy=76)(C)} 4

0 85 15 75 315 425 —15-87
5 8 15 83 367 484 —16-38
7 78 15 89 384 499 —17-59
10 75 15 118 418 510 " 1—25-46
20 65 15 183 503 575 —39-55
30 55 15 225 515 574 —50-89
40 45 15 250 485 534 —60-10
30 35 35 178 502 576 -38-14




TABLE A-1I

Viscosity measurements. System Na,0-B,0,-8i0,; x = mol % Na,0,
y =mol % B,0;, z = mol ¥ Si0,

7 (log 7;’ = 7:6) (°C)

x y z |E,(kcal/mol) T (logn =12)(°C) A
0 100 0 78-3 289 383 1854
595 0 87-8 338 438 —19-39
10 9 0 109-5 384 474 —24-55
20 80 O 217 476 532 5126
30 70 0 216 482 540 — 5063
10 8 5 116 386 4712 | |—2635
20 75 5 162 478 555 |—3521
30 65 5 199 495 561 |—4478
0 85 15 75 315 425 —15-87
3 82 15 95-5 348 442 —21-72
5 80 15 971 366 464 —21-66
7 18 15 106 382 475 2356
10 75 15 118 415 507 2547
20 65 15 146 494 584 1 |—2976
30 55 15 223 517 579 —49-37
5 70 25 88-2 382 498 —17-46
30 46'5 23:5 221 515 575 1 |—4925
10 60 30 110 409 506 —23-19
0 65 35 57:5 344 514 | |— 837
1 64 35 637 355 510 —10-21
3 62 35 64-7 375 540 — 9:82
5 60 35 60-5 401 596 bol— 763
10 55 35 89-0 445 584 —1515
20 45 35 163 527 615 —32:62
30 35 35 198 522 593 | |—42-52
40 25 35 165 457 528 —37-36
0 55 45 624 377 549 — 901
30 235 46'5 170 527 610 —34-44
20 30 50 191 579 662 —37:16
0 45 55 622 420 619 — 769
10 30 60 82:5 545 722 —12-79
20 20 60 162 586 689 —29-26
30 115 585 145 522 621 —2791
0 35 65 654 475 699 — 712
1 34 65 67-5 490 714 — 7-40
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TABLE A-II {continued)

Xy z E, (kcal/mol) | T (logn = 12) °C){T (log n = 76) °C)} 4
5 30 65 90-0 543 725 —12-13
10 25 65 126 562 689 —21-18
20 15 65 159 580 683 —28-85
30 5 65 125 501 612 —2328
10 145 755 145 622 747 —23-52
TABLE A-III
Viscosity measurements. System K,0-B,0,-SiO,; x = mol % K,0,
y=mol % B,0;, z=mol ¥ Si0;
x y z |E,(kecalfmol) | T(logn=12)(CC)T(logn=T76)("C) 4
0100 O 78-3 289 383 —18-54
5 95 0 99-5 325 407 —24:37
10 9 0 116 371 452 —27:34
20 80 O 154 437 509 —35-49
30 70 0 159 450 522 —36-26
10 8 5 113 382 469 —25-86
30 65 5 154 453 529 —34-62
0 85 15 75 315 425 —15-87
3 82 15 914 339 435 —20:63
10 75 15 109 393 486 2396
14-570-5 15 129 423 509 —28-54
20 65 15 151 461 547 —32:78
30 55 15 176 478 548 —39-43
10 60 30 119 420 512 —25-73
0 65 35 575 344 514 — 837
5 60 35 63-8 N 536 — 9-69
10 55 35 111 431 533 2266
14 51 35 116 470 579 —22:34
20 45 35 147 515 611 —28-84
10 30 60 137 560 674 —24-21
30 11-5585 132 526 639 —24-16
0 35 65 65-4 475 699 — 712
1 34 65 84-8 494 665 —12:20
10 25 65 121 569 706 —19-50
20 15 65 175 629 732 —3045
30 5 65 127 537 655 —22-38
10 145755 141 670 816 —20-66
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TABLE A-IV

Viscosity measurements. System NaKO-B,0;-Si0,; x = mol %

y =mol ¥% B,0;, z = mol % Si0,

NaKO,

x vy z |E,(kcalfmol) |T(ogn = 12)("C)|T (logn = 7-6) (‘;’C) A
!

0 8 15 75 315 425  |—1587
3 8 15 78 333 46 | [-1620
10 75 15 106 388 483 2307
14-5 70-5 15 135 433 516 | |—2997
20 65 15 142 459 544 | |—30-38
30 55 15 159 456 531 —35:59
35 65 654 475 699 — 712
1 34 65 71 487 697 — 8-44

5 30 65 — 512 712 —_
10 25 65 100 535 692 —15-14
20 15 65 154 563 665 —28-26
30 5 65 116 469 577 —22-40

TABLE A-V

Viscosity measurements. System Na,0-B,0;3-SiO, + 5 mol ¥ A51203;

x =mol % Na,0, y = mol ¥ B,0,;, z=mol % Si0,

x y z E, Tlogn=12)(*C)|{T(logn =T6)(°C)} A4

0 8 15 no glass

3 8 15 116 382 464 —2700

5 80 15 104 389 487 —22-28
10 75 15 113 406 499 —24-38
12 73 15 110 417 517 —22-81
145 70-5 15 115 433 532 —23-69
20 65 15 148 472 561 —31-39
30 55 15 142 490 562 —39-34

0 35 65 no glass

5 30 65 68-5 495 718 — 7-53
10 25 65 104 538 688 --16-15
20 15 65 127 591 727 —20-25
30 5 65 126 517 632 —22:79
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TABLE A-VI

Viscosity measurements. System K,0-B,0;-Si0O; -+ 5§ mol % Al,O,;
X ==mol % K20, y= mol % B203, z = mol % SIOZ

x y 'z |E, (kcalimol) [T (logn =12) CC){T (logn = 16)(°C)} 4
0 85 15 no glass
3 8 15 81-5 375 499 —15-57
10 75 15 111 397 489 2431
145 70:5 15 129 427 513 —28-39
20 65 15 130 457 549 —27-06
30 55 15 200 470 531 —46-88
35 65 no glass
1 34 65 70 550 805 — 663
30 65 63-7 495 739 — 615
10 25 65 92-5 541 712 —12-99
20 15 65 135 647 792 —20-13
30 5 65 109 372 728 —16-10
TABLE A-VII

Viscosity measurements. System NaKO-B,0;-Si0, + 5mol % AlL,O;;
x ==mol % NaKQO, y = mol % B,0,, z = mol % SiO,

x y z |E,(kcal/mol) |T(logn = 12Y(PC)|T (logn =76 (°C)}. 4

0 85 15 no glass

3 82 15 852 367 482 —17-08
10 75 15 87-1 378 493 —17-25
14-5 70-5 15 120 418 509 —25-83
20 65 15 134 454 541 2842
30 55 15 164 461 533 —36-90

0 35 65 no glass

5 30 65 67-2 487 710 — 7-36
10 25 65 97-8 521 677 1497
20 15 65 134 562 683 —2304
30 5 65 114 492 612 —20-53
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TABLE A-VIII
System Li,0-B,0;-Si0,;;

Linear-thermal-expansion measurements.

x =mol % Li,0, y = mol % B,0;, z = mol ¥ SiO,

Xy z ®a00°C A250°C %300°C
heating cooling heating cooling heatingm‘ cooling
3 82 15 879 105 896 106 887! 116
88-2 104 894 105 88-5 113
5 80 15 859 95-4 856 95-1 80-6’ 102
830 91-8 826 927 779" 99490
7 78 15 71-6 84-9 72-5 85-4 69-8 89-1
67-6 85-8 68-6 858 659 ‘ 90-1
10 75 15 737 75-7 74-1 766 741 790
738 780 745 784 747 799
20 65 15 70-7 73-3 721 74-5 7241 763
742 74-4 750 75-2 76-8 766
30 55 15 85-3 88-8 865 89-8 890, 914
90-0 860 912 869 926 885
40 45 15 108 109 109 110 111 111
105 109 105 109 105 111
30 35 35 92-0 92-5 929 93-4 94-6 95-0
89-9 92-2 913 933 933 948
40 25 35 i12 115 114 115 116 | 117
110 113 112 112 114 113
TABLE A-IX

Linear-thermal-expansion measurements. System Na,0-B,0,-Si0,; x =
mol % Na,0, y = mol % B,0;, z = mol % SiO,

X ¥y z 200°C %2s0°C 300 °c
heating cooling heating cooling heating . cooling
0100 O 154 162 150 180 !
156 165 153 178
595 0 120 132 119 132 117 | 136
104 114 104 113 102 121
10 9 0 990 105 99-0 105 99-3 106
20 80 O 953 977 95-3 97-8 969 | 102
96-3 96-8 967 977 97-4 99-6
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TABLE A-IX (continued)

x ¥y z da00°C X250°C Zs00°C
heating cooling | heating cooling heating cooling
30 70 0 108 110 109 112 111 115
106 112 108 114 111 116
10 85 5 914 99-6 92-3 984 929 99-2
90-8 981 92-1 979 923 99-5
20 75 5 91-0 96-7 91-3 964 899 97:3
962 101 957 99-9 937 101
30 65. 5 114 119 115 118 116 119
115 118 114 117 115 117
30 585115 121 117 120 118 120 119
123 120 120 123 119 126
0 8 15 114 125 )
115 127
3 8 15 95-6 104 954 104 922 109
104 106 102 106 987 111
5 8 15 97-S 991 97:0 101 968 106
952 970 04-2 96-7 929 995
7 78 15 86-8 93-8 873 93-4 87-8 94-9
86-1 930 866 929 86-8 94-9
10 75 15 884 964 895 94-9 893 94-8
866 91-8 86-6 89-9 869 90-3
14-570-515 90-1 919 90-2 917 90-4 92-4
917 94-1 91-5 943 919 94-9
17 68 15 916 93-6 911 931 91-8 93-5
896 915 90-0 91-6 90-9 927
20 65 15 93-2 954 93-3 952 94-2 956
92-8 95-6 93-3 952 943 959
30 55 15 117 119 117 118 117 118
. 115 116 115 116 116 116
30 465235 113 117 113 116 114 116
119 122 i19 122 119 122
5 70 25 75-8 84-0 76-6 84-2 749 79-2
84-0 852 82-3 84-7 789 86-5
10 60 30 85-0 883 85-6 88-2 86-8 889
91-6 93-7 91-5 929 92-1 93-7
0 65 35 819 853 80-3 851 772 890 -
76-2 86-8 766 86-1 749 89-4
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TABLE A-IX (continued)

x Yy z ®%200°C ®250°C ®300°C
heating cooling heating cooling heating cooling
1 64 35 77-6 809 75-8 80-5 70-6| 83-4
76-7 817 74-0 81-3 67-3} 853
3 62 35 62-1 779 64-2 775 651 86-1
70-5 77-0 69-8 76-5 68-3 78-5
5 60 35 63-6 757 652 74-4 67-0 74-2
64-0 73-5 66-1 73:5 676 749
7-557-535 737 75-3 72:6 74-5 723 749
757 767 757 76-2 752 765
10 55 35 72-8 73-6 73-5 74-4 74-1 750
729 77-6 73-3 712 73-6 773
11-553-535 76-1 77-6 75-4 769 76-0 77-1
755 78-7 77-3 78-8 779 79-1
14 51 35 80-1 83-3 80-6 83-6 81'41 84-2
773 79-5 77-6 79-2 78-6| 79-6
769 788 771 816 769 820
20 45 35 99-4 98-6 98-7 98-4 99-1 98-5
98-4 993 97.5 101 987 102
30 35 35 117 119 116 118 117 118
123 127 121 124 121 123
40 25 35 153 156 152 154 151 | 151
154 153 151 152 151 | 152
10 45 45 614 67-9 624 686 64-0 68-7
66-9 657 67-8 66-6 68-9 67-3
677 70-1 68-1 70-2 69-2 71-0
70-0 69-5 69-7 69-0 70-1 69-5
30 23-546'5 122 120 120 119 120 119
117 118 116 118 117 ! 118
20 30 50 917 924 91-8 92-4 92.7 93-3
93.5 94-4 937 94-9 950 956
30 11-558'5 130 126 127 129 127 132
124 125 123 124 124 124
20 20 60 94-4 94-6 94-0 94-0 94-3. 94-1
913 951 922 952 93-5/ 959
0 35 65 456 47-5 45-3 474 455, 47-8
4144 495 426 489 43-5 49-1
2 33 65 45-6 466 454 464 462 469
47-2 48-7 46-8 48-1 47-4 481




— 231

TABLE A-IX (continued)

X Yy z %200°C %250°C A300°C

5 30 65 52-3 50-3 51-2 50-7 509 514
48-7 49-9 499 51-0 511 52:2

10 25 65 629 64-1 637 64-0 655 64-8
64-8 66-1 659 669 67-8 684

20 15 65 92-8 94-4 936 94-8 950 959
94-8 96-7 94-6 95-4 95-8 959 -

30 5 65 132 134 131 133 131 133
128 134 126 131 125 130

10 145755 656 63-4 65-7 63-7 67-5 652
571 60-9 59-3 616 61-1 62-8
60-2 597 61-5 60-8 63-3 620
611 62-0 62-5 62-5 64-2 63-0

TABLE A-X

Linear-thermal-expansion measurements. System K,0-B,0;-Si0,;
x = mol % K,0, y = mol % B,0;, z = mol ¥ Si0,

x ¥ z %200°C Aas0°C %300 C
heating cooling | ‘heating cooling heating cooling
595 0 791 114 859 118
812 116 877 120
109 0 102 109 105 112 106 118
107 112 110 114 111 121
208 O 111 118 114 121 115 123
106 114 108 116 110 120
3070 0 113 117 116 118 110 122
110 121 113 117 116 126
3065 5 132 135 131 134 131 134
130 135 129 133 129 132
30 58-5 11-5 119 ‘ 118 117
124 127 123 126 122 126




— 232 —

TABLE A-X (continued)

X Yy z ®200°C G250°C ®300°C
heating cooling heating cooling heating cooling
38 15 106 109 o121
105 111 128
1075 15 102 103 101 103 101 104
101 105 101 105 102 106
20 65 15 113 117 113 116 113 | 116
115 117 114 116 115 | 116
3055 15 131 132 130 131 130 130
130 133 129 132 129 131
10 60 30 902 899 899 896 90-3|  90-3
867 899 876 899 886 909
560 35 802 848 795 84-3 779 869
834 874 819 864 79-5 882
10 55 35 861 879 857 876 857 887
89-1 887 878 878 873 884
14 51 35 962 101 97-0 100 97-0  99-8
100 99-4 990 984 989 98-8
20 45 35 105 111 104 108 104 | 108
102 107 102 106 103 106
10 45 45 790 809 794 804 807 810
814 807 809 800 816, 803
30 11-5 585 137 149 139 146 139 \ 145
140 150 137 147 136 146
10 30 60 760 760 757 758 763 761
750 761 749 757 7531 762
134 65 3777 436 395 444 388 437
432 44-4 436
439 451 437 451 422 444
43-6 449 433 452 418, 441
530 65 537 51-4 529 516 519 509
: 454 482 464 493 463  49-8
10 25 65 639 676 656 678 664 676
682 684 691 688 689 ‘ 70-8
2015 65 970 980 97-4 984 97-5 981
98-7 100 99-1 101 99-3 101
30 5 65 140 147 140 147 142 . 150
146 147 146 147 147 | 150
10 145755 707 700 697 699 706 703
694 716 701 713 19 722
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TABLE A-XI

Linear-thermal-expansion measurements. System NaKO-B,0;-Si0,;
x = mol 9 NaKO, y = mol %, B,03, z = mol % SiO,

x Yy 2z ®200°C %250°C %300°C
heating cooling heating cooling heating cooling
3 82 15 103 104 112
103 105 115
10 75 15 88-0 94-0 89-7 95-6 91-6 99-1
854 93-6 87-2 93-9 89-5 94-1
145 70-5 15 865 95-2 89-5 97-0 91-2 99-4
915 95-0 94-1 96-8 96-3 100
20 65 15 106 106 108 109 110 112
97-5 101 101 103 104 106
30 55 15 116 118 118 120 121 122
120 121 122 122 125 126
1 34 65 450 473 45-6 47-1 46-7 47-9
45-7 47-1 45-9 47-0 46-8 47-8
5 30 65 55-0 522 53-8 52-6 532 53-5
50-0 51-2 50-8 5147 52-1 52-6
10 25 65 651 69-4 66-6 69-7 68-5 709
66-2 683 67-0 68-3 68-7 70-1
20 15 65 103 104 103 104 103 104
103 105 104 105 104 106
30 5 65 158 157 156 156 155 155
156 156 155 156 155 156
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TABLE A-XII

Linear-thermal-expansion measurements. System Na,O-B,0;-8i0, -+ 5mol %,
ALO;; x = mol % Na,0, y == mol % B,0,, z = mol % SiO,

x ¥y z %z00°c ®250°¢ “?300“0
heating cooling heating cooling heating cooling
3 8 15| 780 736 774 782
736 849 730 874
5 8 15| 114 98-9 113 102 112 . 108
873 958 878 948 880 992
10 75 15 896 916 896 911 903  92:0
89-8 925 892 916 896 929
12 73 15 109 113 107 111 107 110
92:4 903 915 917 922 947
14-5 705 15 920 910 917 912 925  92:3
87-1 914 877 912 882 930
20 65 15 983 981 977 972 978l 982
942 967 939 968 953 968
30 55 15| 110 111 111 113 114 115
111 113 112 113 114 115
5 30 65 520 522 524 524 493 493
500 512 510 518 481 486
10 25 65 606  60-8 614 625 610 621
598 592 60-5 602 606 607
20 15 65 857 852 886 874 900 889
816 829 844 855 858 861
30 5 65| 115 117 117 118 119 120
114 115 116 119 115 12
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TABLE A-XIII

Linear-thermal-expansion measurements. System K,0-B,0,-Si0, + 5mol %,
ALO;; x = mol ¥ K,0, y = mol ¥, B,03;, z = mol ¥ SiO,

X Yy z X200°c %a50°C %3g0°C
heating cooling heating cooling heating cooling
10 75-514'5 103 104 103 105 103 107
101 105 102 108 102 i1l
3 8 15 86-4 94-4 853 952 78-1 104
77-3 961 77-5 973 69-6 107
14-570-515 104 107 106 108 106 109
100 106 102 108 102 108
20 65 15 111 113 111 113 113 115
113 114 113 114 114 115
30 55 15 116 117 119 121 119 121
120 121 122 120 124 123
1 34 65 395 40-3 40-5 4141 406 414
39-5 40-2 40-6 41-1 40-8 41-2
37-4 389 378 392 36-8 380
381 376 382 383 372 379
380 39-1 386 39:6 373 38-4
363 373 360 37-4 354 36-9
5 30 65 56+7 589 567 58:9 56:0 580
579 617 58:0 59-2 571 588
579 59-4 577 589 57-0 581
59-3 590 589 592 575 582
57-1 59-2 578 59-7 581 59-6
55-5 555 56-4 566 56-0 568
10 25 65 69-7 69-2 70-0 69-7 69-8 699
68-8 68-7 69-0 68:6 682 67-8
20 15 65 873 89-0 87-4 889 87-8 88-3
84-4 870 85-7 87-8 86-1 879
84-9 86-1 867 859 876 870
85-0 87-1 86-2 88-4 874 89-3
30 5 65 134 134 134 134 134 137
127 134 128 134 129 135
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TABLE A-XIV

Linear-thermal-expansion measurements. System NaKO-B,0;-8i0, +
5 mol % Al,O3; x = mol %, NaKO, y = mol %, B,0,, z = mol'%} SiO,

x ¥y z %200°C U2s0°C %zoo°C
heating cooling heating cooling heatin'g cooling
10 75 15 92-7 94-4 94-6 96-0 948 985
94-4 953 969 966 986 997
3 82 15 883 913 877 942 817 102
73-8 931 750 919 693 923
812 917 799 939 69-5; 105
86:0 93.7 830 960 71-8, 109
14-5 70-5 15 94-8 96-0 97:1 98-7 99-1. 102
964 962 98-8 989 100 101
20 65 15 104 105 107 108 109 110
108 106 110 108 12 112
30 55 15 114 115 117 117 119 ' 120
114 116 117 119 120 © 122
5 30 65 54-6 56-4 550 56-8 541 563
560 542 56-3 550 556 546
10 25 65 69:0 69-5 70-5 .
69:5 71-8 70-0 72-8 70-5, 727
20 15 65 934 111 989 112 101 113
950 96-7 96-8 977 979 t 984
30 5 65 132 134 132 135 134 137
134 135 137
134 130 131 131 133 ¢ 133
133 134 134 136 134+ 138
127 127 129 129 132 131
130 130 132 132 134 . 135
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TABLE A-XV

Electrical-conduction measurements. Systém Li,0-B,0;-8i0,; x = mol %
Ligo, Yy = mol % 3203, z = mol % SiOZ

X y z E, (V) T(ogo=Ty(°C) A remarks *)
3 8 15 290 456 1310 T>T,
5 80 15 266 437 —1197 | T'>T,*%)
7 78 15 1-58 (402-429 °C) — 420
2-41 (429-496 °C) 433 —=1025| T>T,*%)
10 75 15 1-32 (361413 °C) 408 — 277
1-82 (413-456 °C) — 645 T>T,*%
20 65 15 091 243 — 1-85
30 55 15 0-64 119 — 1-28
40 45 15 0-55 58 — 1+46
30 35 35 0-68 109 — 197
40 25 35 0-58 55 — 198

*)} No remarks means that 7 < T,.
*¥} Visible phase separation developed during measurement.

TABLE A-XVI

Electrical-conduction measurements. System Na,0-B,0;-Si0,; x = mol %,
Na,0, y = mol % B,0;, z = mol ¥ Si0,

x vy z E, (eV) Tloge=T(C)! A | remarks?*)
595 0 2-88 425 —14-01 T>T1,
10 96 0O 3-39 427 —17-51 T>T,
20 8 0 091 271 — 1:39
3 70 0 072 174 — 107
10 8 5 274 , 423 —12-89 T>T,
20 75 5 091 264 - 1-51
30 65 5 0-68 156 — 0-96
30 58511-5 072 158 — 1-39
3 82 15 317 460 —14-46 T>7T,
5 80 15 2-67 450 —11-67 T>T,
7 78 15 290 436 —13-63 Tr>T,
10 75 15 2-59 421 —11-87 T>T,
17 68 15 0-96 307 - 134
20 65 15 0-88 249 — 1-55




— 238 —

TABLE A-XVI (continued)

X y z E, (&V) T(loge =T)(°C) A remarks *)
30 55 15 0-66 143 — 097 |
5 70 25 268 443 —11-89 §T>2;,
30 465235 072 142 — 1’73
10 60 30 2-64 420 —1224| T>T,
0 65 35 1-66 572 —294) |T>T,
1 64 35 2-84 500 —1158| 'T>T,
3 62 35 2:58 463 —1073| T>T,
5 60 35 258 448 —11'10| [ T>T,
7-557-535 | 2-40 (419468 °C) 424 —10:51| |[T>T,
1-17 (374-419 °C) — 1-50

10 55 35 1-12 383 — 165
11-553-535 1-00 349 — 109
14 51 35 096 298 ~ 1-46
20 45 35 0-82 229 — 123
30 35 35 0-60 125 — 1-10
40 25 35 0-52 51 — 102
10 45 45 0-93 329 — 084
30 23-546-5 0-60 103 — 108
20 30 50 075 194 — 105
10 30 60 0-90 294 — 099
20 20 60 0-71 138 — 112
30 11-558-5 0-59 84 — 139

35 65 1-40 569 —143| T>T,
1 34 65 1-59 537 — 294 T>T,
5 30 65 1-02 379 — 092
10 25 65 0-87 275 — 1-00
20 15 65 0-69 155 —109]
30 5 65 0-59 75 — 159 |
10 145755 0-81 243 — 087

*) No remarks means measurements in temperature range T < Tg.



TABLE A-XVII

Electrical-conduction measurements. System K,0-B,0,;-8i0,; x = mol %
K,0, y = mol % B,0;, z = mol ¥ Si0,

x y z E, (eV) Tloge ="T)(°C) A remarks *)
595 0 3:35 (425-463 °C) 439 —1678} T>T,
2-36 (463501 °C) — 997y T>T,
10 90 0 3-88 (421467 °C) 442 —20421 T>17,
2-70 (467-515 °C) ~12-41 T>T,
20 80 O 1-36 340 — 417
30 70 0 0-85 254 — 115
30 65 5 0-81 215 — 135
30 58-511-5 0-78 229 — 0-88
3 82 15 - 2770 467/453 --11-35f
—11-85| T>T,
10 75 15 3-24 455 15521 T>T,
14-570-515 1-20 (388425 °C) — 1-50 V
2:97 (425-482 °C) 432 —1430| T>T,
20 65 15 095 301 — 1-33
30 55 15 077 207 — 112
10 60 30 290 448 —13321 T'>T,
0 65 35 1-66 572 — 294 T>T,
5 60 35 306 472 —1380} T>T,
10 55 35 293 457 —13271 T=>T,
14 51 35 1-04 382 — 099
10 45 45 1-28 (407-452 °C) -~ 180
2-70 (452-301 °C) 456 —11-69| T=>T,
0 35 65 1-40 569 — 143 T>T,
1 34 65 1-50 559 — 208 T>T,
5 30 65 234 497 — 836 T>T,
10 25 65 1-08 433 — Q72
20 15 65 075 212 — 0-80
30 5 65 0-59 96 -~ 1-10
10 145755 1-09 423 — 093

*) No remarks means T < 7.
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TABLE A-XVIiI

Electrical-conduction measurements. System NaKO-B,0;-8i0;; x = mol %
NaKO, y = mol ¥, B,0,, z = mol %, SiO,

x y z E, (eV) T(@oge=7("0C) A remarks *)
3 82 15 2:73 454 —1197} T>T,
10 75 15 331 451 —16:10) T=>T,
14-5706-515 1-38 (381419 °C) — 2:82] |
2-68 (419-484 °C) 428 1227} \T>T,
20 65 15 123 375 — 2-58
30 55 15 1-04 306 — 209
1 34 65 1-59 556 - 270 { T>17,
30 65 | 1-59(421-483 °C) 467 — 384
2-30 (483-515 °C) — 861 T>T,
10 25 65 1-24 397 — 2:35
206 15 65 105 306 — 2:15
30 5 65 103 224 — 342
*) No remarks means T < T,.
TABLE A-XIX !

Electrical-conduction measurements. System Na,0-B,0,;-Si0, + 5 mol %
ALO;; x = mol % Na,0, y = mol %, B,O,;, z = mol % Si0O,

X y z E, (eY) T(Iogog =7 A ren%arks *)
O
3 82 15| 2:31(430-475°C) 467 — 876 T>T,
T<T(ogn=171)
3-42 (475-530 °C) 1633 T>Ty;
, T>T(logy=171)
5 8 15 3-03 439 —14-51 T>T,
10 75 15| 171 (376-406 °C) — 555 ;
2:53 (406470 °C) 412 —11-65 T>T,
12 73 15| 104 (342-384°C) — 071
1-56 (384-437 °C) 398 — 471 T>T,
145 70-5 15 1-11 368 — 176
20 65 15 0-93 270 — 1-64
30 55 15 0-75 166 — 1-64
5 30 65 096 323 — 1-09
10 25 65 0-89 255 — 1-50
20 15 65 0-80 169 — 2:12
30 5 65 0-66 80 — 2:30
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TABLE A-XX

Electrical-conduction measurements. System K,0-B,0,-Si0, + 5 mol %
Alzos; X = mol % Kzo, y = mOl % B203, Z == mol % Si02

x vy z E, (eV) T{ogo=7(C)| 4 remarks *)
3 82 15 1-78 473 —11-85| T>T,
10 75 15 366 448 —18-62 T>17,
145 70-5 15 | 1-15(368-412 °C) — 1:34
2-68 (412-463 °C) 417 —12:5% ) T>T,
20 65 15 0-88 312 — 061
30 55 15 0-83 224 — 1-48
1 34 65 132 517 — 1-47
5 30 65 127 460 — 174
10 25 65 1-29 403 — 2-61
20 15 65 0-79 245 — 069
30 5 65 059 98 - 1-10

*) No remarks means temperature range T < T,.

TABLE A-XXI

Electrical-conduction measurements. System NaKO-B,0;-Si0; + 5 mol ¥
Al,O;; x = mol % NaKO, y == mol % B,0;, z = mol % Si0,

x y z E, (V) T(oge=T(C) A remarks *)
3 82 15 2-60 474 —1061| T>T7,
10 75 15 316 439 —1541} T>T,
145 70:5 15 | 1-40 (385-424 °C) — 300
2-66 (424480 °C) 431 —1207} T>T,
20 65 15 1-09 363 — 2:45
30 355 15 097 3 — 1-44
5 30 65 1-26 390 — 263
10 25 65 1-00 341 — 126
20 15 65| 104 312 — 2:00
30 5 65 102 228 — 323

*) No remarks means temperature range T < T,
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TABLE A-XXII

Density and refractive index of sodium-borosilicate glasses

composition (mol %) density refractive index n,
Na,O B,0; 8i0, AlLO; |(g/em)? 24°C 24 °C
0 85 15 —_ 1779
3 82 15 e 1-834 1-468
3 80 15 — 1-883 1-4741
7 78 15 — 1942 1-4800
10 75 15 — 2002 1-4850
14-5 70-5 15 — 2:085 1:4943
17 68 15 e 2-148 1-4992
20 65 15 e 2:244 1-5042
30 55 15 — 2-441 1-5205
3 82 15 +5 1950 1-4668
5 80 15 +5 1-965 1-4740
10 75 15 +35 2:040 1-4818
12 73 15 +3 2:063
145 70-5 15 +5 2-101
20 65 15 +5 2215 1-4989
30 55 15 +5 2-429 1-5152
1 34 65  — 2:035 1-4580
5 30 65 e 2105 1-;720
15 20 65 —n 2:345 1-5075
20 15 65 o 2:462 1-%176
25 10 65 — 2-507 1-5153
30 5 65 — 2-537 1-5094
5 30 65 +5 2:117 1-4720
10 25 65 45 2-193 1-4848
20 15 65 +5 2-422 1-5134
30 5 65 +5 2-458 1-5101
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TABLE A-XXIII

Density and refractive index of potassium-borosilicate glasses

composition (mol %) density refractive index np
K, 0 B,0, Si0, ALO, (g/ecm?), 24 °C 24 °C
3 82 15 — 1-842 - 1-4647
10 75 15 — 2014 1-4829
i4-5 70-5 15 —_— 2083 1-4860
20 65 15 — 2:223 1-4931
30 55 15 — 2-448 15050
3 82 15 +3 1-938 1-4659
10 75 15 +3 2044 i-4760
14-5 705 15 +5 2-130
20 65 15 +5 2-208 1-4875
30 55 15 +5 2-444 1-4974
1 34 65 — 2-038 ~ 1-4580
30 65 — 2-130 1-4729
20 15 65 — 2-468 1-5099
1 34 65 +3 2-107 1-467
5 30 65 +5 2-164 1-468
10 25 65 +5 2:267 1-4824
20 15 65 +35 2-425 1-5046
30 5 65 +5 2-461 1-5049
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Summary

In this thesis an attempt has been made to determine the types of structural
units in borosilicate glasses. Therefore a number of investigations have been
carried out on the relation between the composition of the glasses and the
properties. In a preliminary study the importance of wet-chemical breparation
techniques was revealed. Together with the application of wet-chemical tech-
niques, vacuum melting of the borosilicate glasses was also necessary to obtain
reliable and useful results. i

The Raman and infrared spectra of many borosilicate glasses weﬂ‘e recorded,
and the viscosity, the electrical conduction, the thermal expansion and the
internal friction as a function of temperature was measured. Finally the density
and refractive index of a limited number of compositions were measured. Of
all these measurements the Raman spectra were especially useful iA the deter-
mination of the different types of structural groups in the borosilicate glasses.
The viscosity, thermal-expansion and internal-friction measurements also added
much to reveal the structure of these glasses. |

This study is primarily confined to sodium- and potassium-borosilicate glas-
ses. For a limited number of compositions the influence of lithium, calcium and
barium has been studied. The influence of Al,O; on the structure has been
studied more extensively. ‘ |

For the binary alkali-borate glasses it has been found that in the concen-
tration range 0 to about 25 mol % alkali oxide the boroxol groups, originally
present in vitreous B,0;, are replaced by six-membered borate rings with one
BO, tetrahedron which to a certain extent are ordered to tetraborate groups.
In the range 20 to 35 mol % alkali oxide, gradually six-membered borate rings
with two paired BO, tetrahedra are formed which to a certain extent are con-
densed to diborate groups. Unmixed sodium- and potassium-borate glasses
cannot be made in the range above about 40 mol 9 alkali oxideL In mixed
alkali-borate glasses with 40 to 50 mol % alkali oxide the presence of ortho-
borate, pyroborate and ring-type metaborate groups is indicated, together with
diborate groups. 1

In the sodium- and potassium-borosilicate glasses the alkali ions aré primarily
bonded to borate groups of the same type as in the binary sodium- and potas-
sium-borate glasses. On increasing the mole fraction of SiO, and at a constant
alkali-to-boron ratio relatively increasing amounts of non-bridging oxygen ions
are formed. These non-bridging oxygen ions are primarily grouped together in
the ring-type metaborate groups. BO, tetrahedra are not incorporated in the
silicate network like AlO, tetrahedra.

Lithium-, calcium- and barium-containing borosilicate glasses genFrally con-
tain the same type of structural units as the corresponding sodium- and potas-
sium-borosilicate glasses. The tendency to the formation of ring-type metaborate
groups is not observed in these glasses.
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The introduction of Al,O; leads to the disappearance of BO, tetrahedra when
not enough non-bridging oxygen ions are present to allow the conversion of all
aluminum ions into AlQ, tetrahedra. When enough non-bridging oxygen ions
are present in the borosilicate glasses, then those connected to ring-type meta-
borate groups disappear first as compared to those present in SiO, tetrahedra
with one non-bridging oxygen ion. At relatively low alkali-oxide concentration
the introduction of Al,O, results in the reoccurrence of boroxol groups.

Part of the boron ions is not present in typical large borate groups but forms
a random network of BO; triangles and BO, tetrahedra.

It is indicated that microphase separation extends to the whole area of glass
formation and is not confined to the well-known area in the ternary borosilicate
system.
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Samenvatting

Deze dissertatie beschriift een onderzoek naar de struktuur van borosilikaat-
glazen. Hiertoe zijn metingen verricht naar de relatie tussen de eigenschappen
van het glas en de samenstelling. In een voorgaand onderzoek werd het belang
van nat-chemische bereidingsmethoden al aangetoond. Naast toepassing van
deze methoden bleek het eveneens noodzakelijk alle borosilikaatglazen in
vakuum te smelten opdat betrouwbare en reproduceerbare gegevens verkregen
werden. : |

De Raman en infrarood spektra van vele borosilikaatglazen werden opge-
nomen en daarnaast de viskositeit, het elektrisch geleidingsvermogen, de ther-
mische uitzetting en de inwendige wrijving als funktie van de tcm;;eratuur be-
paald. Tenslotte werd voor een beperkt aantal samenstellingen de dichtheid en
de brekingsindex gemeten. Van al deze metingen zijn vooral de Raman spectra
erg nuttig geweest voor het ophelderen van de diverse struktuurelementen. De
metingen van de viskositeit, thermische uitzetting en inwendige wrijving hebben
eveneens bijgedragen tot het ophelderen van de struktuur. :

Dit onderzoek heeft voornamelijk betrekking op natrium- en kalium-boro-
silikaatglazen. Voor een beperkt aantal samenstellingen is de invloed van
lithium, calcium en barium op de struktuur bestudeerd. De invloed op de struk-
tuur van het toevoegen van Al,O5 aan het glas is uitvoeriger onderzocht.

Voor de binaire alkali-boraatglazen is gevonden dat in het koncentratiege-
bied 0 tot ongeveer 25 mol 9 alkali oxide, de corspronkelijk in B,0;-glas aan-
wezige boroxolgroepen vervangen worden door boraat-zesringen mget één BO,
tetraeder. Deze zesringen zijn tot op zekere hoogte geordend tot tetraboraat-
groepen. In het gebied 20 tot 35 mol 9 alkali oxide worden langFamerhand
boraat-zesringen gevormd met twee verbonden BO, tetraeders. Deze zesringen
zijn tot op zekere hoogte met elkaar verbonden tot diboraatgroepen. Natrium-
en kalium-boraatglazen met meer dan 40 mol 9 alkali oxide zijn niet bekend.
Echter, in gemengde alkali-boraatglazen met 40 tot 50 mol % alkali oxide is de
aanwezigheid van orthoboraat, pyroboraat en ring-type metaboréatgroepen
aangetoond, alsmede diboraatgroepen.

In de natrium- en kalium-borosilikaatglazen zijn de alkali ionen voornamelijk
aan boraatgroepen gebonden welke van hetzelfde type zijn als in de binaire
boraatglazen. Bij toename van het SiO, gehalte en bij gelijke alkali/borium ver-
houding neemt het aantal zwevende zuurstofionen toe. Deze zijn voornamelijk
gebonden aan ring-type metaboraatgroepen. BO, tetraeders worden, in tegen-
stelling tot AlO, tetraeders, nauwelijks in het silikaatnetwerk opgelimmen.

Lithium-, calcium- en bariumhoudende borosilikaatglazen bevatten in het
algemeen dezelfde struktuureenheden als korresponderende natrium- en kalium-
borosilikaatglazen. Echter, de neiging tot het vormen van ring-type metaboraat-
groepex is niet waargenomen.

Toevoeging van Al,O; leidt tot het verdwijnen van BO, tetraeders als er niet
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voldoende zwevende zuurstofionen aanwezig zijn, onder gelijktijdige vorming
van AlO, tetraeders. Als er voldoende zwevende zuurstofionen aanwezig zijn
dan verdwijnen in de eerste plaats die welke tot ring-type metaboraatgroepen
behoten vergeleken met die welke tot SiQ, tetraeders behoren. Bij relatief lage
koncentraties van alkali oxide leidt het toevoegen van Al,O; tot het heroptreden
van boroxolgroepen.

Een gedeelte van de borium-ionen is niet aanwezig in typische grote boraat-
groepen maar vormen een ongeordend netwerk van BO; drichoeken en BO,
tetraeders.

Fasenscheiding treedt in het gehele borosilikaatglasvormingsgebied op en
beperkt zich niet tot de reeds bekende gebieden,
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I

Drie waarden voor het relatieve aantal borium atomen in tetraeder omringing
(N,) in natrium borosilikaatglazen, welke met behulp van n.m.r. door Scheerer,
Miiller-Warmuth en Dutz werden gemeten en gepubliceerd, zijn hoger dan de
theoretisch meest waarschijnlijke maximale waarden.

i
J. Scheerer, W, Miller-Warmuth en H. Dutz, Gla‘stechn. Ber.
46, 109, 1973.

1

Het is onwaarschijnlijk dat in gesmolten alkali boraten en borosilikaten de
fraktie borium atomen in tetracder omringing sterk afwijkt van de fraktie in het

glas van overeenkomstige samenstelling bij kamertemperatuur. |

P. Beekenkamp, Proefschrift 1965, T.H. Eindhoven.
Th. J. M. Visser, Proefschrift 1971, T. H. Eindhoven.
E. F. Riebling, J. Am. ceram. Soc. 50, 46, 1967.

Dit proefschrift.

i
De verklaring dat spinodale fasenscheiding in multikomponent oxyde glazen
zou kunnen optreden is aan bedenkingen onderhevig.

J. W. Cahn, J. chem. Phys. 42, 93, 1964.
G. F. Neilson, Phys. Chem. Glasses, 10, 54, 1969,
W. Haller en P. B. Macedo, Phys. Chem. Glasses 9, 153, 1968.
i
v !
Grenzen van gebieden met metastabiele fasenscheiding in glas dienen opgegeven
te worden tezamen met de gevolgde meetmethode.

v

Arseen, dat in de vorm van As,0O; dikwijls aan silikaatglas als loutermiddel
wordt toegevoegd, wordt onder andere als geisoleerde AsO,%~ groepen in het
glas opgenomen. ‘

W. L. Konijnendijk en J. H. J. M. Buster, J. non-cryst. Solids,
in druk,

VI

Het op ruime schaal beschikbaar komen van rasterelektronenmikroskopen kan
een nieuwe impuls geven aan het onderzoek van koncentratiefluktuaties op
submikronschaal in vaste stoffen met behulp van autoradiografie.



VII

Het relatief sterker optrekken van de kollektieve voorzieningen in Nederland
vergeleken met andere Westeuropese landen heeft een remmende invioed op de
toevloed van gastarbeiders naar ons land.

vHaI

Voor een gezonde industriéle ontwikkeling in de Nederlandse samenleving, is
deze meer gediend met het toetsen van investeringsbeslissingen van partikuliere
ondernemingen aan een door het parlement vooraf aanvaard industrialisatie-
beleid, dan met het invoeren van wettelijke maatregelen achteraf waardoor de
rentabiliteit van ondernemingen veelal nodeloos wordt gedrukt.

X

Voor de demonisering van de faktor “kapitaal” door vele linkse politici bestaat
weinig grond.

X

Een goede remedie tegen maagzweren bij Spaanse gastarbeiders is de overkomst
van hun echtgenotes naar Nederland.

Huisartspraktijk van P. Konijnendijk-Vivancos.

Eindhoven, 11 april 1975 W. L. Konijnendijk



