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Several series of alkali (sodium and potassium) aluminophosphate glasses were prepared with compositions

of 32—63 mol % of P,O; and the properties of these glasses were determined.

In the glasses with a higher P,O;

content (P,0,=>42.5 mol 9%, in the Na,0-Al,0,~-P,O; glass and P,0;=>45 mol %, in the K,0-Al,0,~P,0; glass),

the density, refractive index, and chemical resistivity increased with increasing amounts of ALO,.

In the glasses

with a lower P,Oj content (P,O3<<37.5 mol %, in the Na,O glass and P,O;440 mol %, in the K,O glass), however,
almost no increase of the density was found by an increase of Al,Oj; the increases in the refractive index and chemical

resistivity were also smaller than those in the glasses with a higher P,O; content.
These changes in the properties are due to a marked structural

of the glasses varied also with the P,O; content.

The infrared absorption spectra

difference between the glasses with a higher P,O; content and those with a lower P,O; content, and are also associat-

ed closely with the structural role of AI*t ions in the glass.

The structure and the role of A3 ions in alumino-
phosphate glasses are attracting the attention of many
investigators because AlL,O,; can be incorporated in
fairly large quantities into phosphate glass and stabilizes
the glass structure. Kreidl and Weyl?Y considered that
the (AIPO,) group was formed by AIO, and PO,
tetrahedra in the glass structure. On the other hand,
Sakka®3) has reported that there are two kinds of Al3+
ions with different coordination numbers in phosphate
glass. The present authors® have investigated the
formation of the glasses in the three-component diagram
in alkali (sodium and potassium) aluminophosphate
systems and found one AL O, peak in about 65 mol 9%,
of P,O; and another peak in about 35 mol 9, of P,O;.
We also reported the structural difference between the
glasses with a higher P,O; content and those with a
lower P,O; content. Reports concerning the funda-
mental properties such as density, refractive index,
viscosity, efc. of aluminophosphate glass, however, are
relatively few compared with those of aluminosilicate
glass. Therefore, it may be interesting to investigate the
changes of the properties of the glass with regard to the
difference in glass structure.

In this investigation, the density, refractive index,
and infrared absorption spectra and also the molar
volume, volume per mole of oxygen, and molar refrac-
tion were determined for several series of the Na,O-
Al,O4-P,0; and K,0-Al,04,-P,0; glasses with the same
contents of P,O;, which ranged from 32 to 63 mol %,.
For Na,O-ALOs-P,0O; glass the chemical resistivity
and solubility in water or hydrochloric acid were
examined. From these results, the changes in the
properties were discussed in connection with the glass
structure.

Experimental

Preparation of Series of Glasses with the Same P,O5 Contents.
The glass specimens containing 32.5—45 mol %, of P,O;, as
reported in the previous paper,? were used as the lower P,O;
alkali aluminophosphate glasses in this investigation. Further-
more, about fifty glass specimens containing more than 45 mol
% of P,O; were prepared in the glass-forming regions of the
Na,0-ALO;-P,O; and K,;0-Al,O;-P,O; systems.® The
materials used were reagent grade chemicals of sodium dihy-

drogenphosphate, potassium dihydrogenphosphate, aluminum
oxide, and orthophosphoric acid (85 9,). A batch (40-g)
obtained by mixing appropriate amounts of the above chemi-
cals was placed in Al,O; crucible and heated in an electric
furnace. After dehydration, the temperature of the batch was
raised to 1350 °C and kept at this temperature for 1 h. The
melt was poured out and quenched by pressing it with a
copper plate cooled with water. All the quenched melts were
obtained as transparent colorless glasses. The composition of
these glasses were determined by chemical analyses and several
series of glasses with the same P,O; contents were selected and
used in this experiment.

Determination of Al,0,. Glass powder containing about
0.1 g of AlLLO, was fused with 5—9 g of sodium carbonate and
dissolved in 200 cm? of 1 mol/dm?® hydrochloric acid. The
Al** jon in the obtained solution was determined gravimetric-
ally as AIPO,.9

Determination of P,0j. Glass powder containing about
0.1 g of P,O; was fused with about 3 g of sodium carbonate
and dissolved in 100 cm? of 1 mol/dm? hydrochloric acid. The
PO,*- ion in the solution was determined gravimetrically as
Mg,P,0,.”

Determination of H,0. The H,O content of the glass
was determined gravimetrically by the method of Naruse e
al.,®) namely from the weight loss incurred by heating a mix-
ture of the pulverized glass and preignited zinc oxide at 700
°C for 2 h.

Density and Volume of Glass. The density of the glass
was determined pycnometrically using 1-butanol at 25 °C.

The molar volume and the volume per mole of oxygen of
the glass were calculated by the following equations:?

W,
V="5L 1
o (1)
V
and Vo = , (2)

where V is the molar volume of the glass, V, is the volume per
mole of oxygen, W, is the gram formular weight of the glass
based on the composition determined by chemical analyses, p
is the density of the glass, and N, is the number of gram
molecular weight of oxygen (32 g units) in the glass.

Refractive Index and Molar Refraction of Glass. The
refractive index was estimated by the Becke oil immersion
method.

The molar refraction of the glass was calculated by the
following equation:®
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n?—1
R= n?4-2 v @)
where R is the molar refraction of the glass, n is the refractive
index, and V is the molar volume.

Chemical Resistivity and Solubility of Glass. Glass grains
(0.25—1 mm) of about 1 g were placed in a 100-cm?® Erlenmeyer
flask and 50 cm?® of either water or hydrochloric acid were
added into the flask. After shaking at a speed of 80 strokes per
minute in the thermostat, the weight loss and the Al,O,;/P,O4
(molar ratio) in the residual glass were determined. The
experimental conditions: concentration of hydrochloric acid,
temperature of the thermostat, and shaking time were selected
so as to be suitable for the sample glass or the series of samples.

Infrared Spectra. The infrared absorption spectra ranging
from 1500 to 600 cm of the glasses were recorded by means
of a Hitachi EPI-2G spectrophotometer, using the KBr pellet
technique.

Results and Discussion

Composition of Glass. The analyses of the glasses
with more than 45 mol 9%, of P,O; are given in Tables 1
and 2. The Na,O or K,O content was calculated by
subtracting the Al,O; and P,O; contents from the
weight of the sample. The H,O content was in the
range {rom 0.11 to 0.42 wt 9, in eight kinds of the
glasses of two series of the Na,O-AL,O;P,0O; glass with
59—61 mol %, of P,O; and K,0-Al,0;-P,0; glass with
61—62 mol 9, of P,O;, and the H,O content tended to
decrease with an increase in the amount of Al,O;. Since

TasLe 1. CowmpositioN oF Na,0O-Al,O;-P,0O; GrAss
Composition
P,O;/mo 19, N
Na,O/mol % Al;O,/mol %, P,O;/mol %
(1) 49 45.74 5.00 49.26
39.99 9.81 49.20
(2) 55 39.68 5.03 55.29
33.38 11.40 55.22
3) 59—61 34.08 4.92 61.00
29.24 10.78 59.98
25.81 14.77 59.42
20.86 18.70 60.43
“4) 63 20.53 16.59 62.88
17.69 19.02 63.30
13.38 23.31 63.32

a) P,O; content in the glass.

TasLe 2. CowmposiTioN oF K,0-AL,O;—P,0; cLAss

Composition

P,O;/mol 9%,»
K,0/mol %, Al,O,/mol % P,O;/mol %,

(1) 49 40.67 9.95 49.38
36.19 14.61 49.20
(2) 55—56 38.89 4.98 56.13
33.17 11.35 55.48
3) 61—62 32.40 5.14 62.46
27.68 10.20 62.12
25.10 13.83 61.08
21.41 17.34 61.25

a) P,O; content in the glass.
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Fig. 1. Density (p) of Na,0-Al,04-P,0; glass.

A: 63 mol % P,0; A: 59—61mol % P,O; A: 55
mol % P,O,, [1: 49 mol % P,0;, @: 42.5 mol %, P,0O;,
O: 87.5 mol % P,O;, @: 32.5 mol %, P,0;.

2,61 B
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10 15 20 25 30
Al O,/mol %,
Fig. 2. Density (p) of K,0-AlL,O;-P,0; glass.
A :61—62 mol 9%, P,O;, & :55—56 mol %, P,O;, []:49
mol % P,0O;, @: 45 mol %, P,O;, O: 40 mol %, P,0O;.

the HyO content was less than 0.42 wt 9, in the above
glasses, even though they were prepared by adding a
large amount of orthophosphoric acid, it is considered
that the properties of the glass are not seriously effected
by water.

" Density and Volume. The densities of these
glasses are given in Figs. | and 2. In Fig. | the densities
in the Na,0-AlL,O,-P,0O; glasses with the same P,O;
contents are plotted vs. the AL,O, content; also in Fig. 2
those in the K,0-Al,0,-P,0; glasses are similarly
plotted. The density of the Na,O glass was larger than
that of the K,O glass in the same composition.

As shown in Figs. 1 and 2, a marked difference in the
changes of the densities can be recognized between the
glasses with a higher P,O; content and those with a
lower P,O; content. The densities increased with an
increase in the AL,O; content in the glasses in the
Na,0-Al,0,-P,0; system with 42.5 mol 9, of P,O; or
more and those in the K,0-Al,O4-P,O; system with
45 mol 9%, of P,O; or more. On the contrary, no
increase of the densities was found in the glasses of
32.5, 37.5 (Na,O system), and 40mol % of P,O;
(K,0 system). Furthermore, the densities of the glasses
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with a lower Al,O, content in both systems decreased
with an increase in the P,O; content. In the glasses
with 32.5, 37.5, and 40 mol %, of P,O;, the P-O-P
chain is changed to the P-O-Al chain by an increase
in the Al,O, content.® The density should tend to
decrease rather than to increase because the Na,O or
K,O content decreases with increasing amounts of
ALO; and also because the P-O-Al chain formed is
not very long in such a glass. On the other hand, the
increase in the densities in the glasses with a higher
P,O; content may be interpreted from the assumption
that most of the AI** ions do not form the chain and
network consisting of P-O-Al linkages. The A3+ ions
outside the P-O-P chain should easily strengthen the
glass structure because the ionic field strength
(Zi/(ri+7o)?; where Z;: charge of cation, r;: radius
of cation, 7,: radius of oxygen ion)!9) of the Al3+ ion is
much larger than that of the Nat or K+ ion. In addi-
tion, the decrease in the densities with an increase in
the P,O; content in the glasses with a lower ALO,
content may be interpreted from the following facts:
an increase of PO, groups having one nonbridging O2-
ion in each and decrease of Nat or K+ ions tend to open
the structure compared with that of the glass with a
lower P,O; content.

The molar volumes and the volumes per mole of
oxygen in the Na,O-AlL,O,-P,0O; glass are given in
Figs. 3(a) and 3(b) and those in the K,0-ALO,-P,O;
glass are given in Figs. 4(a) and 4(b). The molar
volumes increased with an increase in the P,Oj; content,
while the volumes per mole of oxygen decreased. This
indicates that the O2%- ions are packed more closely
together as the Al,Oy and P,O; contents increased. In
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Fig. 3. (a) Molar volume (V) and (b) volume per mole
of oxygen (V;) of Na,O-ALO,~P,O; glass.
A:63mol % P,O;, A:59—61 mol % P,O;, a: 55 mol
% PyOs, []: 49 mol 9, P,O;, @: 42.5 mol % P,O;, O:
37.5 mol %, P,O;, (»: 32.5 mol %, P,O;.
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Fig. 4. (a) Molar volume (V) and (b) volume per mole
of oxygen (V) of K,0-Al,O;-P,0; glass.
A\ :61—62 mol % P,O;, A:55—56 mol %, P,O;, [:49
mol 9%, P,O;, @: 45 mol % P,O;, O:40 mol %, P,O,.

the glasses with a lower P,O; content in both systems
the molar volumes exhibited the tendency to increase
slightly with an increase in the AL O, content.
Refractive Index and Molar Refraction. The
refractive indices of the Na,0O-Al,0,~P,0; glass were
in the range of 1.482—1.513 and those of the K,O—
ALOg-P,0O; glass were 1.474—1.501. The values
increased with increasing amounts of Al,O, and P,O;,
as shown in Figs. 5 and 6. The extent of the increase
in the refractive indices with increasing amounts of
Al O in the glasses with a higher P,O, content was
much larger than that in the glasses with a lower PO,

1.51F

1.50F h

1.48 -
1 L 1 1 1

10 15 20 25 30
AL,O,/mol 9%,

Fig. 5. Refractive index (np) of Na,O-Al,0,-P,0; glass.
A: 63 mol % P,O;, A:59—61mol % P,O;, A:55mol
% P20s, [: 49 mol %, P,O;, @: 42.5 mol %, P,O;, O:
37.5 mol %, P,O;, (»: 32.5 mol %, P,O;.
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Fig. 6. Refractive index (np) of K,O-ALO4-P,O; glass.
A :61—62 mol %, P,O;, A : 55—56 mol %, P,O;, [[]: 49
mol %, P,O;, @: 45 mol % P,0;, O:40 mol %, P,O;.

content. In the glasses with a lower Al,O, content in
both systems, however, the increase in the refractive
indices with an increase in the P,O; content was
extremely small in the compositions with more than
42.5 mol 9%, of P,O; (Fig. 5) and 45 mol %, of P,O;
(Fig. 6).

On the other hand, as shown in Figs. 7 and 8, the
changes in the molar refractions vs. the Al,O, content
were almost the same as those in the molar volumes of
the glasses in both systems (Figs. 3(a) and 4(a)).

From the measurements of the chemical shift of the
Al Ke. line by X-ray emission spectroscopy, Sakka has
reported that most of the Al3* ions in the glasses with a
higher P,O; content (P/O=0.33) are 6-fold coordinated,
while those with a lower P,O; content (P/O0=<0.25)
are 4-fold coordinated.?3 In the present investigation,
the P/O ratios of the glasses with more than 42 mol %,
of P,O; are in the range of 0.28—0.35 and those of the
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Fig. 7. Molar refraction (R) of Na,O-Al,0,;-P,O; glass.
A :63 mol % P,O;, A:59—61 mol % P,O;, A:55mol
9% P,O;, []: 49 mol % P,O;, @: 42.5 mol %, P,O;, O:
37.5 mol % P,O,, @: 32.5 mol 9, P,O;.
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Fig. 8. Molar refraction (R) of K,0-AlL,O;-P,0O; glass.
A\ :61—62 mol % P,O;, & : 55—56 mol 9, P,O;, [1:49
mol %, P,O;, @: 45 mol %, P,O;, (O:40 mol %, P,O;.

glasses with less than 42 mol 9, of P,O; are 0.22—0.30.
Therefore, the above results concerning the densities as
well as the refractive indices can also be related with
the difference in the coordination number of the Al3+
ion. From the changes in the densities and refractive
indices with increasing amounts of Al,O; shown in
Figs. 1,2, 5, and 6, it may be considered that the marked
structural changes in the glasses with P,O; content take
place between 37.5 and 42.5 mol %, of P,Oj in the
Na,0-ALO;-P,O; system and also between 40 and 45
mol 9%, of P,Oy in the K,0-Al,O5~P,O; system. There-
fore, in both systems the P,O; content of 41—42 mol %,
may be taken as the boundary composition where the
structural change occurs. This is associated closely with
the above-mentioned change in the coordination
number of Al3+ ion between the glasses with a higher
P,O; content and those with a lower P,Ojy content.
Chemical Resistivity and Solubility of Glass. The
chemical resistivities in hydrochloric acid in two series
of the Na,O-Al,0,-P,0O; glasses with 37.5 mol 9, and
59—61 mol 9, of P,O; are given in Fig. 9. Although
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Al,O4/mol %,
Fig. 9. Chemical resistivity of Na,O-AlL,O;-P,O; glass in
hydrochloric acid (L : weight loss).
O: 37.5 mol %, P,O;, 1 mol/dm® HCI, 25 °C, 1 h, A:
59—61 mol % P,O;, concd HCI, 50 °C, 1 h.
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the glasses of both series are strengthened chemically
with an increase in the Al,O4 content, the resistivity of
the glass with 59—61 mol 9, of P,Oj is very much larger
than that of the glass with 37.5 mol %, of P,O,. This
indicates that the strengthening of the structure by the
incorporation of Al,O, is very effective in the glasses
with a higher P,O; content. This seems to be due to the
tightening of the structure by the Al%* ions outside the
P-O-P network or chain in these glasses.

TasLE 3. SovrusiLITy OF 52.5Na,O.10A1,0,.37.5P,O;
crass IN H,O (25 °C)
19 /h L21% ALO,/P,0;”
0 — 0.27
1 14.51 0.28
3 38.99 0.29
5 59.30 0.29

b) t, is the shaking time. c¢) L is the weight loss.

d) Molar ratio in the glass.

TaBLg 4. SorLusiLITY OF 42.5Na,0.20A1,0;-37.5P,0;
cLass 1N 0.5 mol/dm? HCI (25 °C)

t,”[h L.21% Al;O,/P,05"
0 — 0.54
1 8.64 0.53
3 21.75 0.52
5 37.82 0.52
7 48.12 0.53

b) ¢, is the shaking time. c¢) L, is the weight loss.
d) Molar ratio in the glass.

Table 3 shows the solubility of the 52.5Na,O-
10A1,0,-37.5P,0O; glass in water and Table 4 shows
that of the 42.5Na,0-20A1,0,-37.5P,0O; glass in 0.5
mol/dm3 hydrochloric acid. The increase in the weight
loss of each glass is approximately proportional to the
shaking time. The molar ratio Al,O4/P,O4 in the
residual glass is substantially the same value as that in
the original glass. These facts indicate that a network
consisting of PO, tetrahedra does not exist but short
P-O-P or short P-O—-Al chains exist in the glasses with
a lower P,O; content, and thus the structure of such
a glass may be taken as ‘“aggregates of molecules.”
This is an important result for the structure of the
glasses with a lower P,O; content.

Infrared Spectra. The infrared absorption spectra
of the Na,0O-ALO4P,0; and K,0-Al,0,-P,0O; glasses
are given in Figs. 10 and 11, respectively. Between the
glasses with a higher P,O; content ((1), (2), and (3) in
Figs. 10 and 11) and those with a lower P,O; content
((4), (5), and (6) in Fig. 10; (4) and (5) in Fig. 11),
the following marked differences are found in the
absorption bands: the absorptions in 1300 cm—! (P=O
stretching®11,12.13)) move to lower frequencies with
decreasing P,O; content and those in 900 cm~! (P-O-P
stretching®11,12:13)) to higher frequencies with increasing
Al,O, content, and also the absorptions in 1000 cm—!
(PO~ group®1:12:.13)) increase in intensity with
increasing Al,O; content in the glasses with a lower
P,O; content. These results show the structural changes
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Fig. 10. Infrared spectra of Na,O-Al,O;-P,O; glass (z:

transmittance, ¢: wave number).

(1) 29.24Na,O.10.78A1,0,-59.98P,0;,

(2) 20.86Na,O-18.70A1,0;-60.43P,0;,

(3) 39.99Na,0-9.81A1,0,-49.20P,0;,

(4) 52.5Na,O-10A1,04-37.5P,0;,

(5) 42.5Na,0-20A1,0;-37.5P,0;,

(6) 47.5Na,0-20A1,04-32.5P,0;.

Alpm
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Fig. 11. Infrared spectra of K,O-AlL,O,;P,0O; glass (z:

transmittance, ¢: wave number).

(2) 27.68K,0-10.20AL,0,-62.12P,0;,
(2) 21.41K,0:17.34AL,0,.61.25P,0;,
(3) 40.67K,0-9.95A1,0,-49.38P,0;,
(4) 50K,0-10A1,0,-40P,0;,

(5) 40K,0-20A1,0;-40P,0;.

of the glasses corresponding to the variation of P,O;
and Al,O; contents. Especially in the glasses with a
lower P,O; content the infrared spectra indicate the
change of the short P-O-P chain to the short P-O-Al
chain with increasing amounts of Al,Oj.

From the changes in the properties described above
and the coordination number of the Al3t ion in phos-
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phate glass,?® the structure of alkali aluminophosphate
glass may be considered to be as follows: the glasses
with a higher P,O; content consist of a network or long
chain of PO, tetrahedra, Al3*, and alkali metal ions,
while those with a lower P,O; content are formed from
random aggregates of short P-O-P chains, Al%+, and
alkali metal ions (low Al,Oj glass) or random aggregates
of short P-O-Al chains of PO, and AlO, tetrahedra
and alkali metal ions (high ALO, glass).

The author wishes to thank Associate Professor Makio
Kinoshita of Sophia University for his interest and
encouragement.
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