
Introduction

Phosphate glasses have been the subject of recent in-

vestigations because of their important applications

such as bone transplantation [1], glass-to-metal seals

(GM), [2, 3], containment of radioactive wastes [4],

fast ion conductors [5], laser host materials [6],

solid-state batteries [7], etc. The structure of phos-

phate glass is formed by PO4 tetrahedra connected by

corners. They have comparatively high transmission

in the ultraviolet region compared to silicate and bo-

rate glasses. They also have low glass transition and

melting temperatures compared to silicate glasses.

For achieving desired characteristics for an ap-

plication the properties of materials are tailored with

careful combination of modifiers such as alkali oxides

or rare earth oxides in the glass network. High quality

Na phosphate glasses with a concentration of Gd as

high as possible are prepared for exhibiting maximum

radio-luminescence intensity [8]. Various properties

of sodium aluminophosphate glasses depend on O/P

ratio and the significant changes take place above the

pyrophosphate limit at O/P=3.5 [9]. Associated with

the property changes, there is a change in the alu-

minium co-ordination from six to four for O/P>3.5.

Al2O3, in tetrahedral co-ordination improves the

chemical durability of the glass by cross-linking the

phosphate chains. B2O3, like Al2O3 in tetrahedral co-

ordination also behaves as a network former and

helps in improving the durability of the glass. PbO is

known to play a dual role both as a network modi-

fier [10] and as a network former [11]. Lead when in-

creased up to 40 mol% increases the glass transition

temperature close to 400°C in the sodium phosphate

glass [12]. It acts like a modifier as well as network

former in phosphate glass when P2O5 content is more

than 50 mol% [12].

Normally a single alkali glass system behaves in

a linear manner with additivity. However, many phys-

ical properties measured in mixed alkali systems

show non-linear growth and subsequent reversal in

trends leading to maxima or minima as a function of

modifier fraction [13]. This phenomenon is known as

mixed alkali effect and therefore there exists both

technological and theoretical interests in studying the

physics and chemistry of mixed alkali glasses.

Among various sodium aluminum phosphate glasses,

40P2O5�12Al2O3�6B2O3�9PbO�xNa2O�(33–x)K2O se-

ries is a potential glass for making glass-to-metal

seals at relatively lower temperatures with Cu–Be al-

loys, Al-alloys, etc. and are quite durable. In the de-

sign of glass-to-metal seals, among other parameters,

thermal expansion, softening point, wettability, vis-

cosity, etc. are important parameters. Since the real

intimate contact of glass with metal begins at the

melting point, the high temperature microscopy helps

in understanding the melt behaviour at the interface.

To the best of our knowledge, this is the first reported

data on these glasses.
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In this communication we report on the preparation

of 40P2O5�12Al2O3�6B2O3�9PbO�xNa2O�(33–x)K2O

(x=0–33 mol%) glasses and effect on Na/(Na+K) ratio

on some physical parameters such as density, morphol-

ogy, Tg and TEC. We have also studied the macroscopic

changes at softening, half ball and melting points using

a high temperature microscope for three selected com-

positions. Melting temperatures as observed on high

temperature microscope match with those obtained from

DTA measurements. Glass transition temperature in-

creases giving a broad maxima around F=Na/(Na+K)=

0.54 whereas TEC shows initial decrease and then in-

crease with increase in Na 2O content with minima

around F=0.54.

Experimental

Glass preparation

Glasses were prepared by conventional melt-quench

technique following the procedure reported earlier [14].

Glasses with compositions 40P2O5�12Al2O3�6B2O3

�9PbO�xNa2O�(33–x)K2O, 0�x�33, were prepared. Ana-

lytical grade compounds of NaNO3, KNO3, Al2O3,

B2O3, PbO and NH4H2PO4 were used as starting materi-

als. Na2O content was varied from 0 to 33 mol%

[Na/(Na+K)=0–1] keeping the O/P ratio=3.7 constant.

The initial charge (30–40 g) was thoroughly mixed and

ground for 30–40 min in a planetary ball mill and then

calcined in an alumina crucible for 18–20 h by heating

in a programmed manner considering the decomposition

temperatures of individual compounds. Accordingly the

heating schedule followed was as follows: heating rate

of 15°C h–1 and dwell time of 15 h each at 200, 330 and

410°C and cooling rate of 90°C h–1 up to room tempera-

ture. This charge was reground and calcined again for

4 h. The calcined charge was then melted using lower-

ing and raising furnace (Model OKAY 70R 10, M/s

Bysakh and Co., Kolkata) and held for 2 h for thorough

mixing in a platinum crucible in air ambient at tempera-

tures ranging from 825–1300°C depending on the com-

position. The temperature more than 1000°C was used

only for compositions �x=20 mol%. When the melt was

thoroughly homogenized and attained desirable viscos-

ity it was poured either onto metal plate and pressed by

graphite disc or into graphite moulds. It may be noted

that with increase in Na 2O content pouring temperature

also increased indicating increase in viscosity. The glass

was then annealed at appropriate temperatures (between

350 and 400°C) for 3 h and stored in a desiccator prior

to evaluation.

Instrumental methods

Powder XRD patterns of the glasses were recorded on

JEOL 3080 Diffractometer using CuK� radiation to

ascertain the glassy nature of the samples. Density (�)

of bubble free glass samples was measured at room

temperature using Archimedes principle with an ac-

curacy of �0.03 g cc–1 in toluene.

High temperature optical microscopy is a power-

ful characterization technique in broad areas of mate-

rials science and engineering [15]. The physical and

chemical phenomena occurring in materials at high

temperatures can be observed in situ with the aid of

heating devices attached or surrounding the stage of a

microscope [16]. This heating device provides the

necessary temperature and thermal environment dur-

ing the observation of the specimen. The change in

the surface morphology of the sample during heating

is an interesting observation, which can be made by

such a hot stage microscopy setup. Thus, the process

investigated resembles the real situation of sintering

or melting of glass samples. Moreover, the parameters

of interest in these investigations are macroscopic di-

mensions and shape of the glass samples are in the

range of hundreds of microns to millimeters, so the

microscopes of relatively low magnification are re-

quired (of the order of 5X). Application areas of such

hot stage microscopy include determination of fusion,

transition temperatures of different substances, soft-

ening of glasses, chemical reactions at elevated tem-

peratures, etc. [17]. The external change in the mor-

phology of the glass while heating was observed with

BX60M Olympus optical microscope associated with

hot stage. The experimental setup incorporates a CCD

camera and a self-developed software package

(GLPL), which supports sample image analysis, trac-

ing protocol and evaluation of the temperature de-

pendent sample image. Hot stage consists of a plati-

num resistor of resistance 0.4 ohms and the tempera-

ture is raised by passing a small current through an

externally connected Eurotherm temperature control-

ler circuit with an accuracy of control temperature

�0.1°C. Glass samples of ~2–3 mg were placed on a

thin sapphire disc and securely placed inside the hot

stage ceramic cup, then were heated at �=5 K min–1

and cooled at 20 K min–1. The hot stage setup was cal-

ibrated using high purity indium and aluminum. It

was found that the observed melting temperature de-

viated with 3–4°C from the literature value. The tem-

perature is monitored by another CCD camera. Both

the cameras supported by the software allowing us to

collect simultaneously the images on the sample and

the corresponding temperature.

TG-DTA system (Setaram 92-18 model) was

employed for recording glass transition, crystalliza-

tion and melting temperatures of the glass samples.
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The instrument was calibrated using high purity in-

dium and zinc. The experiment was performed with

~30 mg finely powdered and sieved glass powder

taken in a platinum crucible under continuous argon

purging. The TG-DTA curve was recorded over a

temperature range of 30 to 700°C at heating rate of

10 K min–1.

The thermal expansion coefficient measurements

were carried out in a dilatometer (model TMA-92

Setaram, France) using a silica probe. The heating rate

was kept to 10 K min–1 for all measurements. The size

of the sample was about 1–3 mm thick with 10 mm di-

ameter, besides both ends were flat. The samples were

kept in a quartz sample holder with a constant load of

5 g for all measurements. Before starting the experi-

ment the chamber was evacuated up to 10–2 mbar pres-

sure and then the chamber was flushed with high purity

(IOLAR grade) Ar gas. All the measurements were

carried out in flowing Ar atmosphere with a constant

flow rate of 40–50 L h–1. The temperature was varied

in the range of 30–450°C for measurement of TEC.

The expansion coefficient being reported is the aver-

age in the temperature range of 30–300°C.

Results and discussion

Bubble free and clear glass samples were obtained up

to Na fraction F=0.54 and above this the glasses were

found to be milky and opaque in appearance if poured

at temperature below 1000°C. Density was found to

vary from 2.703 to 3.69 g cc–1 as recorded in Table 1.

Figure 1 shows the XRD plots of as prepared glass

samples. XRD patterns confirm the glassy nature of

the samples with broad peaks around 20–30° (2	 val-

ues). Opalescent glass formation for higher sodium

oxide content i.e. for x�20 mol% was observed,

which seems to be due to lower pouring temperature

used �(1000°C). However, the glass obtained for

x=33 mol% was not so homogeneous, even when

poured at 1200°C. The opacity in lead based phos-

phate glass has been reported to be due to many rea-

sons such as presence of minute glass droplets, undis-

solved constituents, fine gas bubbles, etc. [18]. In the

present case we feel the opacity might be due to the

combined effect of both, phase separation and

devitrification as confirmed by XRD patterns.

The ‘d’ values along with 2	 for higher Na2O con-

tent (x�20 mol%) correspond to the formation of AlPO4

[ASTM card index=CAS
: 7784-30-7]. The glasses

with x�20 mol% when poured at the temperatures

1250–1300°C, turned out to be clear. However, some

loss of P2O5 is expected at such higher temperatures.

Figure 2 shows images at softening, half ball and

flow points of the above-mentioned samples. The cor-

responding temperatures are given in Table 2. Soften-

ing temperature increased from 454–470°C whereas

the melting temperature increased from 665–680°C

as sodium oxide content was varied from 0–15 mol%.

Half ball points were recorded in the temperature

range 523–576°C. The present glass system has low

melting temperatures; hence the shrinkage points be-

come difficult for observation under hot stage optical

microscope. However, the softening and half ball-

points were determined within an acceptable level of

error. The melting points of these glasses agree with

the melting points obtained from DTA. It was quite

interesting to see the melting patterns of the glass at

the melting stage. This type of information is quite
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Table 1 Some physical properties of different glass samples. Tg obtained from DTA is given in the bracket

Comp. x/mol% F=Na/(Na+K) Density/g cm–3 Tg(�3)/°C TEC/�10–7 K–1

0 0 2.70 387 (380) 186

7 0.212 2.78 398 156

10 0.3 2.98 412 (390) 154

15 0.45 3.03 410 (395) 142

18 0.54 3.37 400 140

20 0.606 3.35 413 167

23 0.69 3.66 390 185

26 0.78 3.69 370 182

Fig. 1 XRD plots of 40P2O5�12Al2O3�6B2O3�9PbO�xNa2O

�(33–x)K2O series of glasses



important in deciding about the intimate contact with

metal for fabrication of seal. As the dwell time and

glass melting temperatures are vital for controlled

interdiffusion at the interface these results are of lot of

significance to us for seal fabrication.

Figure 3 shows the DTA data for three different

samples namely x=0, 10 and 15 mol%. The endother-

mic baseline shifts give the glass transition tempera-

tures, the sharp exothermic peaks show the crystalliza-

tion temperatures whereas the weak endothermic peaks

indicate the melting or flow points in the DTA results

of these three samples. The samples show glass transi-

tion temperatures in the range 380–395°C, crystalliza-

tion in the range 525–541°C and melting in the range

613–665°C. Tg values are given in Table 1. The glass

transition temperatures determined from TMA differ

within �5% of Tg obtained from DTA. DTA measure-

ments on x=0 sample shows a broad crystallization

peak whereas sharper crystallization peaks are ob-

tained for higher x values. Broader crystallization

peaks imply surface crystallization and sharper peaks

the bulk crystallization [18]. As the glass powder is

finely ground and sieved, the particle size is assumed

to be constant. Also, the crystallization peak tempera-

ture shifts towards the lower temperatures thereby in-

creasing the possibility of devitrification at higher

Na2O contents.

Figure 4 shows the variation of glass transition

temperature and TEC with Na/(Na +K) ratio. The val-

ues of Tg and TEC are given in Table 1. As mentioned

earlier, the properties of phosphate glasses are influ-

enced greatly on the O/P ratio. In the present series we

have fixed the O/P ratio to 3.7 (intermediate between

pyrophosphate and orthophosphate structure). The

content of the constituents such as P2O5, PbO, Al2O3,

B2O3 and total alkali are kept constant. We have in-

vestigated the dependence of physical properties as a

function of relative content of Na2O and K2O and we

expect the structural variations at the microscopic
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Fig. 2 Photographs obtained from high temperature optical

microscope for the above glass samples; a – x=0,

b – x=10 and c – x=15 mol%

Fig. 3 DTA results for the following samples; a – x=0,

b – x=10 and c – x=15 mol%

Table 2 Softening, half ball and melting temperatures recorded
from high temperature microscope. Melting tempera-
tures as measured by DTA studies is given in bracket

Sample x Tsoftening/°C Thalf ball/°C Tmelting/°C

PH-03-01 15 470 523 665 (–)

PH-03-2 10 460 576 640 (620)

PH-03-3 0 454 550 630 (613)



level to arise from their different ionic radii (ionic ra-

dius of Na+�ionic radius of K+). Glass transition tem-

perature was found to increase with Na2O content giv-

ing a broad maxima around F=0.54 whereas TEC

shows initial decrease and then increase with increase

in Na2O content with minima around F=0.54. When

Na2O is added, Na+ ions would replace the K+ sites

forming stronger P–O–Na+ bonds. Since the ionic ra-

dius of Na+�K+ ion and the field strength of Na+�K+,

thus increasing the Na2O content increases the overall

strength of the phosphate glass network through the

formation of stronger P–O–Na+ bonds resulting in

some increase of viscosity. Formation of stronger

bonds (i.e. making structure somewhat more rigid)

leads to increase in Tg and decrease in TEC. It appears

that at higher Na2O content i.e. F�0.54 the viscosity

increases significantly so as to enhance the possibility

of phase separation through the formation of poly-

crystalline AlPO4. This effect of phase separa-

tion/devitrification seems to weaken the bonding

thereby decreasing Tg and increasing TEC.

Conclusions

Bubble free glasses were obtained for 40P2O5�12Al2O3

�6B2O3�9PbO�xNa2O�(33–x)K2O, glasses up to x=

18 mol% only. Above x=18 mol% the glasses turned out

to be opaque if poured at lower temperatures �1000°C

possibly due to some phase separation or devitrification.

Formation of AlPO4 phase [ASTM card index=CAS
:

7784-30-7] is identified from XRD at higher Na2O con-

tent (x�20 mol%). These glasses show low Tg and

higher TEC (142–186�10–7 K–1). The results also indi-

cate that low Na2O content glass may be suitable for

GM seal with Cu–Be alloys. For the three glass compo-

sitions (i.e. x=0, 10, 15 mol%) the values of softening

and half ball temperatures are in the temperature range

454–470 and 523–576°C, respectively. Melting temper-

atures as observed on high temperature microscope

were found to be matching with those of DTA studies

within acceptable limits. This type of information is

quite important for deciding intimate contact with metal

and the dwell time for fabrication of seal, which in turn

controls the inter-diffusion at the interface.
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