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Phosphate glasses are of great interest for basic research and for special applications in various fields as technical
and optical glasses. Metaphosphate compositions with PO,4-chain structure are mostly used. The cations have a
significant effect on the properties of the glasses and melts. This was studied in more details. High purity me-

V]i“scos]ity taphosphate glasses, M®(POs), with M = Na*, K*, Zn®*, Mg?*, Ca®*, Sr**, Ba®*, AI*>* and Fe®”, were pre-
21 ;Ssisates pared and the optical and thermal properties were measured with different methods. The electrical conductivity
Melts of glasses and melts is the property of great practical importance. It was determined by impedance spectroscopy

in a wide temperature range from 300 to 1250 °C in frequency range of 0.1 Hz to 6 MHz. The electrical con-
ductivity of alkaline earth phosphate glasses and melts increases with increasing ion radius of the cation. NaPO3
and KPOj glasses and melts have much higher conductivity. Viscosity measurements were carried out from
transformation temperature, Tg, to the melt. The measured data were fitted and the activation energies of the
conductivity and viscosity were calculated. Simple exponential behavior was found at temperatures below Tg,
but above Ty only in very narrow temperature range. The relation between conductivity and viscosity was

considered.

1. Introduction

Electrical conductivity of glasses and melts is a property of great
practical importance. It determines the use of glass in electrical en-
gineering applications at ambient temperature and high-temperature
conductivity is important for special methods of electrical melting of
glass. Phosphate glasses do not have the importance of silicate or bor-
osilicate glasses, because of their lower chemical stability. Their ap-
plication is limited to special requirements with high importance, e.g.
for high performance optics, active laser and amplifier materials.

The formation of phosphate glasses has been well known for a very
long time and many scientific papers have been published by many
authors. Phosphate glasses are of great interest for basic research and
for special applications in various fields, e.g. as biomaterials, fertilizer,
technical and optical glasses [1-6]. Metaphosphate compositions with
PO4-chain structure are mostly used. The cations have a significant
effect on the properties of the glasses and melts. Glasses for high per-
formance optics, e.g. laser glasses, need extremely high purity and
optical homogeneity [2,3]. Phosphate glass melts are very corrosive
against various crucible materials leading to impurities. With a new
‘inductive skull melting technique’ (ISMT) high temperature induction
melting is suitable without a crucible. A solid layer of the initial ma-
terial around the melt is formed by strong cooling of a coil. This pro-
tects the melt against corrosion and impurities from the container
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material [7].The efficiency of this technique is very high. But special
electrical conductivity, crystallization and viscosity behavior of the
glasses and melts are necessary. The aim of this work was the in-
vestigation of this behavior with simple metaphosphate glasses and
melts.

2. Experimental

High purity simple metaphosphate glasses, M"(POs), with
M = Na*, K*, Zn®*, Mg?*, Ca®*, Sr**, Ba®", AI*" and Fe®*, were
prepared and the optical and thermal properties were measured with
different methods. Metaphosphate glasses were prepared by melting
M"(PO3), or P,Os with MCO3 of high purity in amorphous SiO, cruci-
bles as 200-300 g batches in a resistant heated furnace at different
temperatures, 800 to 1600 °C (Table 1). Glasses were obtained by
pouring the melts into a preheated graphite mould. After annealing
from T, + 50K to room temperature at 3 K/min, the glasses were cut,
ground and polished to produce samples for different measurements.
The refractive indices in the visible range were measured with a re-
fractometer with an error An + 2 x 107>, The density was determined
using Archimedes' principle with an error = 0.002. DTA (heating rate
10 K/min) and dilatometer measurements (heating rate 5 K/min) were
carried out to obtain values for the thermal properties, T, and thermal
expansion coefficient (TEC). The viscosity 5 as a function of
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Table 1

Measured properties of glasses.

Fliigel

Viscosity VFT - fit parameter

Ty100 value (°C)

Ionic radius

[OH] (em™)

ABBE® umber

Ve

Refractive index n,

(546.07 nm)
+ 0.0001

Density (g/cm®)

TEC (ppm/K)
(5 K/min)

*+0.1

T, (°C)

Melting T,,, (°C)

Glass

o

(A)/CN
[26]

*5

+ 0.1/ + 3 (ppmw)

+l

+0.01

(5 K/min)
+3°C

864 220

-1.30

nm

150
200

1.02/6
1.51/8
0.60/4
0.57/4
1.00/6
1.26/8
1.42/8

~15/450

65
nm

1.4858

2.51
2.41
2.88
2.43
2.65
3.15
3.66
3.08
2.80
2.60

24.0
nm

7.3

265

800
900

NaPO;
KPO,

nm

62

Crystals
1.5260
1.4974
1.5469
1.5591
1.5899
1.5468

nm

~265
400
520
500
485
460
400
590
765

487
256
391
401
418
313
307
390

4373

-2.77
-1.92
-1.26
—-2.78
—0.92
-1.83
-3.37
—1.44

7.5/225

1150
1300
1300
1300
1200
1300
1350
1600

Zn(PO3),

2698
2191

425

365

5.2/156

71

7.5

Mg(POs3),
Ca(POs3),

5.5/165

66
66
64
66

11.0

2140
1250
1788
4552

340
340

5.7/171

13.0

Sr(PO3),

5.0/150

14.2

Ba(PO3).
NaSrP

340
nm
nm

1.02/1.26
0.55/6
0.54/6

5.5/165

15.7
6.7

<2/ <60
1.4/42

nm
70

Fe(PO3)3

1275

1.5310

6.0

Al(PO3)3

nm = not measurable.

= 643.85nm (red), e = 546.07 nm (green).

479.99 nm (blue), C’

2 ABBE number = dispersion coefficient v, = (n. — 1) / (ng- — nc)) with F/
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temperature T was determined with two different methods. The low
viscosity range of the melts was measured in a Pt crucible with rotating
Pt cylinder method in the 5 range, 10*°-10° dPa s, and the high visc-
osity range with the beam bending method in the range 10°-10'% dPa's
with solid glass rods. The electrical conductivity o of the glasses and
melts was determined as electrical resistance p by impedance mea-
surements [8-14] in the temperature range 300-1250 °C. Solid glass
samples were measured to a temperature where the viscosity was about
10*dPas. Cylindrical samples with a diameter 10 mm and thickness
5 mm contacted with Pt plates were used (Fig. 1a). The contact between
glass sample and Pt plates was obtained by heating to temperature
Ty + 50K in a first step. Than the equipment was cooling down and the
measurement was started in heating and cooling modus. Low viscosity
melts were measured with a high accuracy coaxial Pt/Rh10 crucible/
cylinder technique (Fig. 1b) starting at 1300 °C and cooling down [10].

The electrical resistance p was measured depending on dipping
depth of the cylinder in the melt and variation of the temperature [9].
Impedance spectra were recorded with a Zahner IM5d electrochemical
workstation, with an ac voltage of 20 or 50mV, and variable fre-
quencies in the range of 0.1 Hz to 6 MHz, normally in steps of 20-50 K.
Most liquid samples were also measured with suitable fixed frequency
from high to lower temperature. The measurements of the solid samples
were carried out during heating and cooling with a rate of 1 K/min. The
melts were measured starting from 1250 °C cooling down to ~700 °C or
lower. The dc (direct current) potentials of the measured impedance
spectra were always 0 mV (Bode plots Fig. 2).

Than the impedance is mainly caused by the ionic resistivity R of the
sample. The following equivalent circuit was used for fitting, with Ry
and C; as bulk properties of the sample, R,, C, and Cy as phenomena of
the electrodes, and L for wires:

The following equations were used:

u
i

Rz

Z= Yo g6 _|7].c7

Cv: C2 0

-

o G

L
R

Z: impedance, U: voltage, I: current, @: phase angle, o: specific electrical
conductivity, R: electrical resistance, G: geometric factor.

The error of the resistance values was < 5%. More details are given
in Ref. [10].

3. Results

This paper concentrates on investigations of the electrical con-
ductivity of alkaline metaphosphate glasses and melts, M(PO3), with
M = Mg, Ca, Sr, Ba, in comparison with NaPO3 and KPO3 and the in-
fluence of Na* in Sr(PO3), (NaSrP), and the effect of different cations
on the viscosity, as well as the relation between electrical conductivity
and viscosity.

The main results on characteristic properties of simple metapho-
sphate glasses that we have investigated from time to time during a
long period, are given in Table 1 [2,3]. The cations have a very large
effect on the properties, due to different bonding and structure. Various
melting temperatures, between 800 °C and 1600 °C were necessary to
prepare glasses. The values for the glass transition temperature, T, vary
between 265 °C for NaPO3 and 765 °C for Al(PO3)3, and for the thermal
expansion coefficients, TEC, between 24 ppm/K for NaPO3; and 6 ppm/
K for Al(PO3)s. All metaphosphates, excepting KPO3, have shown good
glass-forming abilities. It was possible to obtain large samples without
crystals by normal melting and cooling technique. KPO3 melts were
clear without visible crystals but showed strong crystallization ten-
dency during cooling. Only glass samples with few small crystals were
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