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Glasses in t h e system N a 2 0 - A l 2 0 3 - 6 2 0 3 - 8 1 0 2 w e r e melted from the raw materials and studied with respeet to their ehemieal
durability, their erystal growth veloeities, their refraetive index and dispersion, their glass transition temperature and their thermal
expansion eoeffieient. With inereasing N a 2 0 eoneentration, the erystal growth veloeity inereases and the ehemieal durability de-
ereases. Equimolar S u b s t i t u t i o n of B2O3 for S i 0 2 results in a deerease in both the ehemieal durability and in erystal growth veloeities.
Equimolar S u b s t i t u t i o n of AI2O3 for S i 0 2 leads to inereasing ehemieal durability and deereasing erystal growth veloeities. Optimum
glass eompositions to produee gradient index lenses should possess B2O3 eoncentrations of around 12.5 to 15 mor /o and molar
AI2O3 eoncentrations some percent larger than the N a 2 0 concentration. In these glasses, nonbridging oxygen does not occur.

1 , Introduction

U p to now, most of the gradient index lenses produced
worldwide are based on thallium containing glasses pos
sessing a large thallium eoneentration in the middle and a 
smaller one in the outer part [1 and 2]. Due to the fact that
thallium is extremely hazardous, great efforts to replace this
component by environmentally safe compositions are made.
Here, the first candidate which gives rise to large changes
in the refractive index is silver. For that purpose, glasses in
the System N a 2 0 - A l 2 0 3 - 8 2 0 3 - 8 1 0 2 with alkali concen-
trations > 20 mol% N a 2 0 are already industrially used for
the preparation of nonhazardous gradient index microlenses
[3 to 8]. After preparing a glass rod possessing a diameter
in the ränge of 1 to 3 mm, as a first step, an ion exchange
in a salt melt containing A g N 0 3 is carried out. Here, in the
whole volume, around 9 0 % of the molar N a 2 0 concen-
tration of the respective glass is exchanged for Ag20. The
second step is an ion exchange of the Ag20 containing glass
in an N a N 0 3 containing melt. Here, the ion exchange is
interrupted, when the required concentration profile is
achieved [9 to 13]. According to the demands on gradient
index lenses, a parabolic profile is required, where the re
fractive index in the middle of the rod is larger (Ag20 con
centration larger) than in the outer part of the rod (Ag20
concentration close to zero).
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One of the main problems associated with the prep-
aration procedure is the tendency of A g 2 0 containing
glasses to be reduced at elevated temperatures [14 to 16].
This effect may cause a yellow to black coloration, de-
pending on the concentration of metallic silver in the
glasses. This strongly limits the possible application of the
as produced gradient index lenses, especially with respect to
the wavelengths of light. It has been shown that the effect
is small (light yellow coloration) if the glass used does not
contain nonbridging oxygens [17 and 18]. For that purpose
glasses in the system N a 2 0 - A l 2 0 3 - B 2 0 3 - 8 i 0 2 have been
developed [19]. For the preparation of gradient index mi
crolenses, at first rods of the respective glass have to be pre-
pared. This is usually done by drawing at temperatures in
the ränge of 800 to 900 C. Here, nucleation and crystalliza-
tion of the respective glass has to be avoided. Other import-
ant physical properties of the glasses are the refractive in
dex, the dispersion, the density and the viscosity. This paper
provides a study of the dependence of these properties, in
cluding the crystal growth velocities, on the composition of
the glasses. The silver diffusivity, its relation to the ionic
eonduetivity of the glass, and the optieal transmission as an
effeet of the glass composition will be reported in a separ-
ate paper.

2. Experimental procedure

The glasses were prepared from reagent grade B(OH )3 ,
Al(OH )3 , Na2C03 and 8 i 0 2 (quartz) in 300 g batches. They
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Table 1. Chemieal eomposition (eoncentrations in mol%) of the
glasses studied

sample NasO AI2O3 B2O3 SI02

Α 20 22.5 12.5 45
Β 25 25 12.5 37.5
C 25 25 15 35
D 25 25 17.5 32.5
Ε 25 25 20 30
F 25 27.5 12.5 35
G 25 30 12.5 32.5
Η 30 30 10 30
I 30 30 12.5 27.5
Κ 30 30 15 25
F 30 30 20 20
Μ 30 32.5 15 22.5
Ν 30 35 15 20
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Figure 1. Crystal growth veloeities of samples O : B, : C, • :
D, and • : Ε as a funetion of the temperature.

were melted in platinum erueibles at a maximum tempera-
ture of 1500°C in a furnace with M O S I 2 heating elements.
The melts were cast on a graphite mould preheated to
500 C, given to a muffle furnace with a temperature of
600 °C and then allowed to cool to room temperature.

The densities were measured with a helium pycnometer
(Accupye 1330, Micromeritics). Refractive indices were
measured at the wavelengths 435.84 nm (/ig), 479.98 nm
(np'l 546.06 nm (n^), 587.56 nm Μ and 643.83 nm (n^) 
using a Pulfrich refractometer (PRZ, Zeiss, Jena (Ger-
many)) and samples with a rectangular angle. Abbe num-
bers were calculated by Ve  ( / i g - 1 ) / ( « F ' ~ « c ) - The glass
transformation temperature and the thermal expansion co
efficient were measured dilatometrically (dilatometer 402
ES, Netzsch, (Germany)), using a heating rate of 5 K/min.
Crystalline phases were detected by X-ray diffraction (Sie
mens D 5000, Siemens, München (Germany)). Crystal
growth velocities were determined by light microscopy.
Samples with a thickness of 3 mm were tempered at tem-
peratures in the ränge from 700 to 950 C, subsequently pol-
ished at both sides and then studied by light microseopy.
The hydrolytic durability was determined according to D I N /
ISO 719 [20].

3. Results

In table 1, the chemical compositions of all samples studied
are summarized. Figures 1 to 3 show crystal growth velocit-
ies of all samples studied. In figure 1, samples with 25 mol%
N A 2 0 and 25 mol% A I 2 O 3 are shown. Here, the B 2 O 3 con-
centration was varied between 12.5 and 20 mol%. In all
cases, the crystal growth velocity increases with increasing
temperature. In sample B, that with the smallest B 2 O 3 con-
centration (12.5 mol%), the crystal growth velocity is 7 pm
• h  at 750 C and steadily increases to 324 pm  h  at
950 °C. Sample D has a larger B 2 O 3 concentration
(17.5 mol%), and crystahization could not be detected at
temperatures in the ränge of 700 to 800 C. At 850 C, the
crystal growth velocity is 15 pm  h At 900 and 950 C,
values of 43 and 50 pm  h ^ were respectively determined.
In sample E, erystallization eould not be detected at tem-
peratures < 950 C. It can be concluded that in the compo-
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Figure 2. Crystal growth veloeities of samples O : H, : I, • :
K, and • : F as a funetion of the temperature.

sition ränge shown in figure 1, the crystal growth velocity
decreases with increasing B 2 0 3 / S I 0 2 ratio. In figure 2, crys-
tal growth velocities of samples with 30 mol% N A 2 0 and
30 mol% A I 2 O 3 are shown. By analogy to figure 1, the B2O3

concentration was varied, here between 10 and 20 mol%. At
a B 2 O 3 concentration of 10mol% (sample H), the crystal
growth velocity is largest, 30 and 738 pm  h ^ at 750 and
950 C, respectively. In sample I (B2O3 concentration:
12.5 mol%), the erystal growth velocities were smaller than
in sample Η in the entire temperature ränge studied. In
samples Κ and F, crystallization could not be detected up
to temperatures of 800 and 900 C, respectively. It can be
stated that by analogy to figure 1, also at the compositions
shown in figure 2, increasing B 2 0 3 / S I 0 2 ratios lead to
deereasing crystal growth velocities. The crystal growth vel
oeity increases in the entire temperature ränge studied. Fig
ure 3 shows crystal growth velocities of samples A, F and
M. They all exhibit A I 2 O 3 concentrations 2.5 mol% larger
than the respeetive N A 2 0 concentrations.

Whereas in sample Α crystallization was not detected
at temperatures > 950 C, in samples F and Μ the lowest
temperatures at whieh erystals were detected after temper-
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Table 2. Density, refraetive index n^, Abbe number Ve, ehemieal solubility, glass transition temperature T g , and linear thermal
eoeffieient α of the glass samples studied

sample density solubility Ö ! l 0 0 to 300 °C
in g em~^ in ml HCl in C in 10-^  K - i

Α 2.408 1.509 59.01 ± 0.1 0.42 ± 0.03 569 83
Β 2.444 1.512 57.1 ± 3.2 2.03 ± 0.12 569 106
C 2.418 1.512 57.5 ± 3.2 2.82 ± 0.06 535 102
D 2.406 1.511 56.6 ± 3.1 4.17 ± 0.08 526 104
Ε 2.393 1.510 57.5 ± 0.1 3.68 ± 0.08 510 97
F 2.451 1.516 56.5 ± 0.6 2.50 ± 0.05 594 108
G 2.447 1.518 56.3 ± 0.6 1.08 ± 0.03 590 87
Η 2.480 1.521 54.3 ± 0.6 5.42 ± 0.10 600 126
I 2.463 1.520 54.8 ± 0.6 7.90 ± 0.05 567 125
Κ 2.451 1.519 54.8 ± 0.1 32.30 ± 0.30 561 126
L 2.411 1.516 55.7 ± 0.6 42.30 ± 4.60 520 117
Μ 2.463 1.523 54.4 ± 0.3 11.20 ± 0.70 574 107
Ν 2.462 1.523 55.4 ± 0.6 18.48 ± 0.98 583 100

100
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Figure 3. Crystal growth veloeities of samples O : A, : F, and
• : Μ as a funetion of the temperature.
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Figure 4. Density as a funetion of the boron oxide concen-
tration for samples with [ A I 2 O 3 ]  [ N a 2 0 ] ; : 25 mol% A I 2 O 3 ,

O : 30 mol% A I 2 O 3 .

ing were 900 and 800 C, respectively. The erystal growth
veloeities were smallest in the sample with 20 mol% N a 2 0 .

Generally, crystal growth velocities were smaller than in
samples with [ N a 2 0 ]  [ A I 2 O 3 ] (compare figures 1 and 2).
Thus, an excess of A I 2 O 3 hinders the crystal growth in the
composition ränge studied. Samples G and Ν exhibit A I 2 O 3

concentrations 5 mol% larger than the respective N a 2 0 con-
centrations. Here, a further decrease in the crystal growth
velocity was observed. In samples Α and F, a crystalline
phase could not be detected by X-ray diffraction, all other
crystallized samples exhibited NaAlSi04 (JCPDS no. 35
0424 [21]) as crystalline phase.

Table 2 summarizes density, refractive index, n^, Abbe
number, Ve, value of the ehemieal durability, the glass tran-
sition temperature, Tg, and the thermal expansion eoef-
fieient, o:, for all glass samples studied. The densities vary
between 2.393 and 2.480 g  c m " \ The densities increase
with increasing A I 2 O 3 concentration and decrease if the
B 2 O 3 concentrations are larger. In figure 4, the effeet on the
boron coneentration is shown for samples with [ N a 2 0 ]

[ A I 2 O 3 ] . For both N a 2 0 eoncentrations, 25 and 30 mol%, a 

linear decrease with inereasing B 2 O 3 coneentration is ob
served. Samples with a larger N a 2 0 (and A I 2 O 3 ) concen-
tration exhibit larger densities. The equimolar replacement
of 2.5 mol% S i 0 2 with A I 2 O 3 leads to an increase in the
density (not shown in figure 4). If  5 mol% S i 0 2 are replaced
with A I 2 O 3 , the obtained densities are smaller again. Refrac-
tive indices are ah in the ränge of 1.509 to 1.523, a slight
increase with increasing A I 2 O 3 as well as with decreasing
B 2 O 3 concentration is observed. The Abbe number increases
slightly with inereasing B 2 O 3 and decreasing A I 2 O 3 eoncen-
trations. Figure 5 shows the chemical solubility for all
samples studied with [ N a 2 0 ]  [ A I 2 O 3 ] . It is seen that the
solubility increases with inereasing B 2 O 3 concentration. For
30 mol% A I 2 O 3 (and N a 2 0 ) , the values are up to one order
of magnitude larger than for 25 mol% N a 2 0 . If 2.5 mol%
S i 0 2 are replaced by an equimolar concentration of A I 2 O 3 ,

the chemical solubility of the series with 30 mol% N a 2 0

decreases, and the eorresponding ml HCl drop from 42 to
11.2. If  5 mol% S i 0 2 are substituted, the chemical solubility
increases again. It can be stated that within the concen-
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Figure 5. Chemieal solubility as a funetion of the boron oxide
eoneentration for samples with [AI2O3]  [Na^O]; · : 25 mol%
A I 2 O 3 , O: 30 mol% A I 2 O 3 .
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Figure 7. Crystal growth veloeities at 900 C as a funetion of
the ([AI2O3]  + [B203])/[Na70] ratio. Fine: regression hne (only
for ([ΑΙ2Ό3] + [B203])/[Na2O] > 1.5).
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Figure 6. Glass transition temperature, Tg, as a funetion of the
boron oxide eoneentration for samples with [AI2O3]  [Na20];

: 25 mol% A I 2 O 3 , O: 30 mol% A I 2 O 3 .

tration ränge studied, the chemical solubility increases with
inereasing Na20 and B 2 O 3 concentrations. If [ A I 2 O 3 ] is
slightly larger than [Na20], a decrease in the chemical solu-
bility is observed.

Figure  6 presents the glass transition temperatures as a 
function of the B 2 O 3 coneentration for samples with
[Na20]  [ A I 2 O 3 ] . For both Na20 eoncentrations (25 and
30 mol%), Tg decreases linearly within the limits of error.
The regression line attributed to the larger Na20 (and
A I 2 O 3 ) concentration runs parallel to that ealculated for the
smaller Na20 concentration and is shifted by 12 Κ to larger
temperatures. Replacement of Si02 by A I 2 O 3 results in
larger glass transition temperatures.

4. Discussion

In order to draw rods for the production of gradient index
lenses, the glass has to be stable towards devitrification at

temperatures attributed to viscosities of around lO^dPas .
This corresponds to temperatures in the ränge of 800 to
900 C in the system studied. As shown in figures 1 to 3, the
crystal growth velocity strongly depends on the temperature
supplied and the chemical composition used. Whereas the
crystal growth velocity increases steadily with the tempera-
ture supplied (in the ränge studied), the crystal growth ve-
locities inerease with increasing Na20 eoneentration and
deereasing B 2 O 3 concentration. Replacement of Si02 by
equimolar quantities of A I 2 O 3 results in a decrease of the
crystal growth velocity. These effects are illustrated in figure
7 by a plot of the crystal growth velocity at 900 °C against
the ratio ( [AI2O3]  + [B203])/[Na20]. If this ratio decreases,
first  a linear increase of the crystal growth velocity is ob-
served. If, however, the ratio ( [AI2O3]  + [B203])/[Na20] is
smaller than 1.5, a drastie increase of the erystal growth
veloeity occurs. Since, as shown in figure 6, Tg decreases
with increasing B 2 O 3 concentration, also the viscosity de-
ereases. This means that crystal growth velocities related to
a constant viscosity (not temperature) decrease with increas-
ing B 2 O 3 concentration even more pronounced than shown
in figure 7. The reason for this effeet first of all should be
seen in the increasing deviation of the glass composition
from that of the crystalline phase formed during devitrifi-
cation (NaAlSi04). In the ränge studied, the ehemieal com
position possesses only  a minor effect on the density, refrae
tive index and Abbe number. The equimolar Substitution
of B 2 O 3 for Si02 results in smaller densities, whieh is not
surprising regarding the smaller atomie weight. If both
Na20 and A I 2 O 3 are substituted for Si02, the density in-
creases due to a more compact glass strueture. It should be
noted that refraetive indices and Abbe numbers are in the
ränge suitable for the production of gradient index lenses.
Concerning the structure of the studied glasses, first sample
Β should be considered. Here, both the molar Na20 and the
A I 2 O 3 concentrations are 25 %. The other melt components,
B 2 O 3 and Si02 (molar ratio B203/Si02 is 1:3) are network
formers, the sum of their eoncentrations is another 50 %.
An idealized glass structure might consist of A I O 4 tetra-
hedra whose formally negative charge is compensated by
Na+ cations. Besides, Si04 tetrahedra occur and all boron
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Figure 8. Chemieal solubihty as a funetion of the ratio [ N a 2 0 ] /
(2[Αΐ2θ3] + [S i02]) .

is in threefold coordination. The real glass structure should
be somewhat different: the main part of the alumina occurs
as ΑΙΟ4Γ tetrahedra, besides some boron also exists in four-
fold coordination, i.e. as BO^ tetrahedra. Since the total
concentration of M O 4 tetrahedra ( [ A I O 4  ]  + [ B O 4 ]) must
be equal to the N a ^ concentration, alumina also occurs in
sixfold coordination. In the described structure, nonbridg-
ing oxygen does not occur. If now, both the A I 2 O 3 and the
N a 2 0 concentration increase, the structure does not notably
change, alumina predominantly occurs as AlO^ tetrahedra
whose Charge is compensated by N a ^ . If however S i 0 2 is
replaced with A I 2 O 3 , excess alumina can no longer be incor-
porated in tetrahedral coordination, but must occur in octa-
hedral coordination or as triclusters [22]. The Subst i tut ion
of B 2 O 3 for S i 0 2 cannot lead to the incorporation of B 2 O 3

in tetrahedral concentration [23]. Since in all compositions
studied, the alumina concentration is equal or larger than
the N a 2 0 concentration, excess B 2 O 3 must be incorporated
in threefold coordination. According to the literature this
leads to a decrease in the glass transition temperature, and
also to an increase in the chemical solubility (see figure 5).
However, the effect of the glass structure on the chemical
solubility is more complex. Figure  8 presents the chemical
solubility (ml HCl) as a function of the ratio [ N a 2 0 ] /
(2[Αΐ2θ3] + [ S i 0 2 ] ) . It is observed that for ratios  < 0.34, the
solubility inereases steadily and within the limits of errors
linearly. If the ratio is larger than 0.34, a drastie increase,
however, is observed. The increase in the chemical solubility
with increasing N a 2 0 eoneentration is as expected, while
the increase in the siliea and, in the most eases, in the alum-
ina eoneentration leads to a decrease in the chemical solu-
bility.

In the following, glasses with 25 and 30 mol% N a 2 0
should be discussed separately. In the composition series
with 25 mol% N a 2 0 , the tendency to crystallization can be
suppressed by substituting equimolar concentrations of
B 2 O 3 or A I 2 O 3 for S i 0 2 . While the S u b s t i t u t i o n of B 2 O 3
leads to a deerease in the chemieal solubility, this does not
occur in the case of A I 2 O 3 . Here, small chemieal solubility
and small crystal growth velocities can be achieved for the
samples F and G. The eompositions with 30 mol% N a 2 0
should enable the preparation of lenses with  a larger gradi-

ent in the refractive index. However, the larger N a 2 0 con-
centrations lead to both, larger ehemieal solubility and
larger crystal growth velocities. The tendency to crystalliza-
tion ean widely be suppressed by the Subst i tut ion of B 2 O 3
for S i 0 2 . However, this also leads to a further increase in
the chemical solubility. The Subst i tut ion of equimolar A I 2 O 3
concentrations for S i 0 2 , however, leads to a decrease in the
chemical solubility and to a decrease in the crystal growth
velocity. Therefore, Opt imum glass compositions should
possess B 2 O 3 concentrations in the ränge of 12.5 to 15 mol%
and A I 2 O 3 eoncentrations a few mole percent larger than
the N a 2 0 eoncentrations. Glasses in this composition ränge
should have crystal growth velocities small enough for the
rod drawing process. The chemical durability should be suf-
ficient for most applications.
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