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Abstract
The microstructure, devitrification and chemical durability of borosilicate glass specimens opacified by P2O5, with the general composition

SiO2 70, B2O3 12, Al2O3 2, P2O5 2, Na2O (13 � X), RO X (wt.%) (R = Ca, Mg, Ba, Zn) were investigated after being subjected to various heat

treatment conditions, using DTA, XRD and SEM. It was shown that while heat treatments at 1073 K and >1123 K were generally detrimental for

the hydrolytic resistance of glasses, due to the enhanced phase separation or formation of excessive amounts of cristobalite, heating at 1123 K for

1 h usually improved the resistance due to the partial crystallization or microstructural changes of specimens. It was also found that a progressive

decrease in hydrolytic and alkaline resistance occurred during prolonged heat treatment at 1123 K due to the formation of exessive amounts of

cristobalite. It was also revealed that ZnO and MgO had the worst effect on chemical durabilities of specimens containing 7 and 5.5 wt.% Na2O,

respectively.
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1. Introduction

Opals are essentially phase separated glasses, with their

opacity resulting from light refraction and internal scattering

between separated phases, which may be glassy or crystalline

[1–3].

Phase separation may change many of properties of a glass,

including chemical durability [4,5]. The microstructure is an

important factor in these changes [6], e.g. when glass-in glass

phase separation produces continuous immiscibility regions,

leach paths for the least durable phase are continuous and

usually an excessive degradation occurs in the glasses [4,6,7].

But opacification by minute crystals or after phase separation

based on droplet shape regions of immiscibility, usually

produces less durability problems [6,8,9].

Low thermal expansion phosphate opals are essentially

borosilicate glasses [10,11]. Most of borosilicate glasses

(including the commercial glasses) are phase separable [12].

A phase separated borosilicate glass, generally consists of a

chemically durable (silica-rich) and a less durable borate rich

phase. Many investigators have shown the effect of composition
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and heat treatment on the phase separation mechanism,

microstructure, and properties of borosilicate glasses [6,13–21].

It has also been shown that the addition of RO oxides

(R = Ca, Mg, Ba, Zn . . .) to borosilicate glasses, though is

essential for enhanced opacity, by increasing the extent of phase

separation [22], may generally be detrimental for chemical

durability [23–25].

However, in spite of extensive research activities carried out

and numerous publications existing in the above fields, it seems

that relatively little comprehensive reports have appeared in

literature concerning the effect of RO oxide additions on the

microstructural changes and chemical durabilities of borosi-

licate glasses opicified by P2O5.

Therefore, in this study a systematic effort is made to show

and compare the effect of CaO, MgO, BaO and ZnO additions on

the chemical durability of low thermal expansion borosilicate

glasses opacified by P2O5, with an emphasis on their

microstructural changes. The composition of glasses studied

were in the range of commercial low expansion opal glasses.

2. Experimental

In this study glass compositions were derived from a basic

composition of glass N, in which RO oxides were substituted in
d.
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Table 1

Chemical composition of glass specimens (wt.%)

Specimen no. SiO2 Al2O3 B2O3 P2O5 Na2O BaO CaO MgO ZnO

N 71 2 12 2 13 – – – –

B1 71 2 12 2 10 3 – – –

C1 71 2 12 2 10 – 3 – –

M1 71 2 12 2 10 – – 3 –

Z1 71 2 12 2 10 – – – 3

B2 71 2 12 2 7 6 – – –

C2 71 2 12 2 7 – 6 – –

M2 71 2 12 2 7 – – 6 –

Z2 71 2 12 2 7 – – – 6

B3 71 2 12 2 5.5 7.5 – – –

C3 71 2 12 2 5.5 – 7.5 – –

M3 71 2 12 2 5.5 – – 7.5 –

Z3 71 2 12 2 5.5 – – – 7.5

Fig. 1. DTA traces for series 2 specimens.
1.5–3 wt.% steps for Na2O. Table 1 shows the chemical

composition of glass specimens.

The series 1 specimens later were omitted from the research

program, due to their relatively weak opacification tendencies

and high thermal expansion coefficients.

Raw materials used were high quality commercial silica

(Setabran Iran Glass Sand Corp. SA10 code) and AR grade

H3BO3, Na2CO3, Al(OH)3, H3PO4, BaCO3, ZnO and

Mg(OH)2. Glass batches were weighed, dry mixed in 100 g

quantities and melted in an electric furnace at 1723–1823 K for

1 h using alumina crucibles. The melts were poured into

preheated stainless steel moulds, transferred to an annealing

furnace and annealed at 873 K for 1 h.

The thermal behavior of the glasses were followed by

differential thermal analysis (DTA) at a heating rate of

20 K min�1, using alumina as an inert reference material. The

glass specimens were heat treated for 1, 3, 5 and 7 h at their

respective DTA exo-peak temperatures. The heating rate was

chosen as 5 K min�1 to minimize the deformation of specimens.

Samples of glasses in the as annealed condition and after

heat treatment, were analyzed by X-ray diffractometry (XRD)

to identify the crystalline phases.

The ISO procedures, designated as 719–1985E [26] and

695–1991E [27] were used for determining the chemical

durability of the glasses in water and alkaline solutions,

respectively. In the water resistance test the amount of alkali

released into the water at 368 K after 1 h immersion is

determined by immediate titration with a dilute hydrochloric

acid solution and in the alkaline resistance test the resistant is

calculated by the loss in mass per unit area of the glass

specimen after 3 h immersion in a boiling aqueous solution of

equal volumes of sodium carbonate and sodium hydroxide.

The microstructural characteristics of specimens were

examined by scanning electron microscopy (SEM). The

samples were prepared by etching in 2% HF solution prior

to gold coating.

3. Results and discussion

Figs. 1 and 2 show the DTA traces for series 2 and 3 glass

specimens, respectively. It can be seen that all glasses exhibited
exothermic effects. The broad peaks demonstrate the relatively

low crystallization rates in these glasses.

The glass samples were heat treated for differing time

periods at the temperature range 1073–1183 K, obtained from

the DTA traces.

Tables 2 and 3 exhibit the summary of the crystalline phases

formed in the series 2 and 3 specimens, respectively, after

different heat treatment times and temperatures.

It is known that introduction of the oxides CaO or ZnO into

alkali borosilicate glasses reduces the melting temperature and

viscosity, promoting glass-in glass phase separation [28].

Therefore, the opacification was easily developed in the heat

treated samples [20]. On the other hand the glass-in glass phase

separation often promotes the crystallization process in glasses

[29]. On the other hand, both phase separation and crystal-

lization affect the chemical durability of these glasses. The

effect of addition of RO oxides on hydrolytic chemical
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Fig. 2. DTA traces for series 3 specimens.

Table 3

Heat treatment conditions and crystallization products for series 3 specimens

Specimen no. Heat treatment

conditions (K h�1)

Crystalline phases

B3 1123/1, 1158/1 Cristobalite, Barium phosphate

B3 1123/3, 1123/5, 1123/7 Cristobalite, Barium phosphate

C3 1123/1 Oxyapatite

C3 1158/1 Cristobalite, Oxyapatitem

C3 1173/1 Cristobalite, Oxyapatitem

C3 1223/1 Cristobalitem, Oxyapatite

C3 1123/3, 1123/5 Cristobalite, Oxyapatitem

C3 1123/7 Cristobalite

Z3 1123/1, 1158/1 Cristobalite, Sodium zinc

phosphate

Z3 1123/3, 1123/5 Cristobalitem, Zinc phosphate

Z3 1123/7 Cristobalite

M3 1123/1, 1158/1 Cristobalite, Magnesium

phosphatem

M3 1183/1, 1208/1 Magnesium phosphate,

Cristobalite

M3 1123/3 Cristobalite

M3 1123/5, 1123/7 Cristobalite, Sodium

magnesium phosphate

m = the major phase.
durability of series 2 glasses versus heat treatment temperature

is shown in Fig. 3. It can be seen that the durability of glasses

are usually decreased by heat treatment at 1073 K. This may

primarily be attributed to the enhancement of glass-in glass

phase separation process. The occurrence of this phenomenon

is not detectable after annealing the glass specimens at 873 K,

but some of them clearly show a quite advanced phase
Table 2

Heat treatment conditions and crystallization products for series 2 specimens

Specimen no. Heat treatment

conditions (K h�1)

Crystalline phases

B2 1123/1, 1158/1 Cristobalite, Sodium barium

phosphate

B2 1123/3, 1123/5 Cristobalite, Sodium barium

phosphate, Barium phosphate

B2 1123/7 Cristobalite, Sodium barium

phosphate

C2 1123/1, 1158/1 Cristobalite, Oxyapatitem

C2 1123/3, 1123/5, 1123/7 Cristobalite, Oxyapatitem

Z2 1123/1 Cristobalite, Zinc phosphate

Z2 1158/1 Cristobalite

Z2 1123/3 Cristobalite, Zinc phosphate

Z2 1123/5, 1123/7 Cristobalite

M2 1123/1 Sodium magnesium phosphate

M2 1158/1 Cristobalitem, Sodium magnesium

phosphate

M2 1183/1 Cristobalitem, Sodium magnesium

phosphate

M2 1123/3, 1123/5, 1123/7 Cristobalite, Sodium magnesium

phosphate

m = the major phase.

Fig. 3. Hydrolytic resistance of series 2 specimens as a function of heat

treatment temperature, heat treatment time is 1 h.
separation after 1 h heat treatment at 1073 K. The specimen Z2

containing 6 wt.% ZnO are the leading glass in this connection,

also exhibiting the lowest resistance against water attack.

Fig. 4 shows the fine and continuous microstructure of

separated phases in the above mentioned specimen indicating a

possibly spinodal decomposition mechanism for phase separa-

tion.

Fig. 5 exhibits the EDX analysis of the glass after phase

separation. It is clear that extensive phase separation has

occurred in this glass leading to two distinctly different glass

compositions one quite rich in SiO2 (white regions in Fig. 4)

and another rich in the remaining oxides.

The occurrence of an extensive microphase separation in

these glasses can be explained by relatively high level of ionic

potential (R = Z/r) for Zn2+ ions, where Z is the charge and r is

the radius of ion. The extent of miscibility gap is correlated with

the above mentioned ionic potential factor, varying according

to the following sequence for alkaline earth ions [21,24]:

Zn2+ �Mg2+ > Ca2+ > Ba2+.

The difference in chemical durability observed between

specimens M2 (the second less durable) and Z2 may be
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Fig. 6. SEM micrograph of specimen M2 after heating at 1073 K for 1 h

(bar = 1 mm).

Fig. 4. SEM micrograph of specimen Z2 after heating at 1073 K for 1 h,

showing an interconnected microphase separation (bar = 1 mm).

Fig. 5. EDX analysis of specimen Z2 after heating at 1073 K for 1 h (the

analysis of white regions in Fig. 4).
attributed to the higher interconnectivity and finer micro-

structure of specimen Z2.

Fig. 6 shows the microstructure of specimen M2 heat treated

under similar conditions (1073 K, 1 h).

Generally, the specimens exhibited improved resistance

against water attack after being heat treated at higher

temperature, e.g. 1123 K. This observation can be explained

by the possibility of conversion of microstructures from a
ig. 7. SEM micrograph of specimen Z2 after heating at 1123 K for 1 h: (a) showing zinc phosphate-rich droplets and secondary segregation of silica-rich particles

ithin the drops (bar = 1 mm); (b) EDX analysis of the droplet phase.
F

w

continuous to a less continuous structure or even a

microstructure containing isolated droplets embeded within a

continuous phase (e.g. specimen Z2 in Fig. 7) or appearance of

some crystalline phases, having higher chemical durability in

comparison to the initial glasses (e.g. specimen C2).

Fig. 8 depicts the microstructure of specimen C2 showing

tiny needle shape particles (mainly oxyapatite) without any sign

of glass-in glass phase separation, giving rise to an improved

resistance against water attack. This is consistent with the

findings of other investigators [30,31].

Heating the specimens to higher temperatures in 1158–

1183 K range, gave rise to a marked decrease in chemical

durability in almost all of the specimens. This can be attributed

to the increase of the amount of cristobalite phase and growing

of its crystals to relatively large sizes that may lead to

considerable stressing or even cracking of some specimens due

to the well known b! a phase transformation, during cooling

of specimens.

Fig. 9 shows an examples of highly cracked microstructure

(specimens M2) after being heat treated at 1183 K for 1 h and

Fig. 10 exhibits XRD pattern of the specimen showing the

relatively high extent of cristobalite formation in this specimen.

Fig. 11 indicates the hydrolytic resistance of samples in

series 2, after heat treating at 1123 K for differing time periods.
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Fig. 11. Hydrolytic resistance of series 2 specimens as a function of heat

treatment time, at 1123 K.

Fig. 12. XRD pattern of specimen Z2 crystallized at 1123 K for 5 h.

Fig. 8. SEM micrograph of specimen C2 after heating at 1123 K for 1 h,

showing crystalline particles of oxyapatite (bar = 1 mm).

Fig. 9. SEM micrograph of specimen M2 after heating at 1183 K for 1 h,

showing a highly cracked microstructure (bar = 1 mm).
The curves show almost the same tendencies as explained

before in connection to the effect of temperature. After 3 h all

specimens except Z2, show relatively slight deterioration in

durability. This can be explained by the enhanced phase

separation, whereas in the case of specimens containing ZnO

the improvement in durability can be attributed to the
Fig. 10. XRD patterns of specimen M2 crystallized at 1183 K for 1 h.
occurrence of a relatively high degree of crystallization leading

to formation of a zinc phosphate phase (Table 2). The latter

specimen exhibits a quite high amount of cristobalite after 5 h

heat treatment (Fig. 12 and Table 2), leading to highly cracked

specimens and a marked drop in durability. Other specimens

also show similar decrease in durability after prolonged heating

at 1123 K due to the formation of high amounts of cristobalite

and its extensive grain growth. One interesting exception is

specimen C2 containing CaO, which after prolong heat

treatment mainly develops an apatite phase (Table 2) exhibiting

a fine microstructure of interconnected fibers (Fig. 13).
Fig. 13. SEM micrograph of specimen C2 after heating at 1123 K for 5 h,

showing a fine microstructure of interconnected fibers (bar = 1 mm).
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Fig. 14. Hydrolytic resistance of series 3 specimens as a function of heat

treatment temperature, heat treatment time is 1 h.

Fig. 16. SEM micrograph of specimen M3 after heating at 1123 K for 1 h,

showing magnesium phosphate-rich droplets and secondary segregation of

silica-rich particles within the drops (bar = 1 mm).

In Fig. 14 are shown the hydrolytic resistance of the

specimens in series 3. Except the specimen M3 showing a

continuous increase in durability upon the temperature

elevation from 873 to 1123 K, other specimens behave almost

similarly as specimens in series 2, namely a decreased

durability due to the enhanced phase separation followed by

an increase due to the crystallization or microstructural change

from a continuous to a discontinuous structure and finally a

marked decrease due to the excessive formation and growth of

cristobalite crystals. In the case of specimen M3, it can be

suggested that this specimen probably has extensively been

phase separated even after annealing at 873 K. The relatively

low resistance against water attack in this specimen is an

evidence for this deduction, although such phase separation was

not detectable in the specimen by SEM.

Fig. 15 shows the microstructure of specimen M3 after 1 h

heating at 1073 K. It seems that the relatively coarse

microstructure that has just begun to neck off and form

isolated phases is responsible for enhanced durability in this

specimen. Fig. 16 depicts the microstructure of the same

specimen after being heated up for 1 h at 1123 K showing the
Fig. 15. SEM micrograph of specimen M3 after heating at 1073 K for 1 h

(bar = 1 mm).
droplet phase and the occurrence of secondary phase separation

and some crystallization improving the durability.

Fig. 17 shows the variation of hydrolytic durability of the

series 3 specimens versus heat treatment time at 1123 K.

It seems that all specimens show a more or less constant

durability for 1–3 h after which a considerable deterioration

occurred, especially >5 h due to the extensive formation of

cristobalite. The specimen M3 is an exception exhibiting a

marked decrease in durability after 3 h followed by a

considerable increase after 5 h. This again can be attributed

to the formation of excessive amounts of cristobalite after 3 h

and its partial dissolution in the glassy phase or its conversion to

magnesium phosphate after 5 h in this specimen (see Table 3).

Fig. 18 depicts the microstructure of the above-mentioned

specimen after 3 h heating at 1123 K.

Figs. 19 and 20 illustrate the chemical resistance of series 2

and 3 specimens to the standard alkaline solution attack,

respectively.

As can be seen from Fig. 19 all series 2 glasses after a 3 h

heat treatment at 1123 K, show a slight increase in chemical

durability which can be attributed to the partial crystallization

of all specimens, whereas the relative drop in durability

occurring later can be related to the formation of cristobalite
Fig. 17. Hydrolytic resistance of series 3 specimens as a function of heat

treatment time, at 1123 K.
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Fig. 18. SEM micrograph of specimen M3 after heating at 1123 K for 3 h,

showing the extensive formation of cristobalite (bar = 10 mm).

Fig. 19. Alkaline resistance of series 2 specimens as a function of heat

treatment time, at 1123 K.
which is quite distinct after 7 h especially in some specimens

like Z2 (see Fig. 12 and Table 2).

In the case of series 3 specimens (Fig. 20) similar deductions

can be made. In this case the specimen M3 shows a relatively

larger variation in durability. This behavior can be attributed to

the occurrence of a severe crystallization process leading to the

formation of cristobalite after 3 h and its dissolution and

conversion to phosphate phases after longer times, as described

before.
Fig. 20. Alkaline resistance of series 3 specimens as a function of heat

treatment time, at 1123 K.
4. Conclusions

It was shown that chemical durability of the chosen alkaline

borosilicate glasses opacified by P2O5, is highly dependent on

the amount and type of RO oxides used and the temperature and

time of heat treatment.

The hydrolytic durability generally deteriorates by heat

treating the specimens for 1 h at the temperature of 1073 K and

1123–1183 K range and times exceeding 3 h at 1123 K. The

intensification of glass-in glass phase separation and formation

of cristobalite, in high quantities and large crystal sizes, are the

main causes for the above observations. But heat treating the

specimens at 1123 K for 1 h generally improves the durability

due to the modification of the structural characteristics of the

phase separated phases from continuous to isolated and partial

crystallization of specimens. While the use of ZnO in series 2

specimens (containing 6 wt.% RO) has the most detrimental

effect on chemical durability of these glasses, the glasses

containing CaO generally show the highest chemical durability

due to the formation of apatite crystals.

In the series 3 specimens (containing 7.5 wt.% RO) the

specimens containing MgO are generally the most vulnerable

specimens to water attack, while contrary to the series 2

specimens, the specimens containing ZnO, show a relatively

good resistance to water attack.

While the resistance of both series of specimens to alkali

attack, after being heat treated at 1123 K for <3 h, is good and

nearly constant and independent to composition, it deteriorates

and becomes highly time and composition dependent for longer

heat treatment times. The specimens containing ZnO show the

least resistance to alkali attack after soaking at 1123 K for>5 h

in both series of specimens.

The role of P2O5 is more complicated. It seems that addition

of this oxide have diverse effects on chemical durability. In one

hand, in some conditions it can intensify the phase separation

process (due to its relatively high ionic field strength) and on the

other hand, in some cases it could be responsible for formation

of phosphate phases (like apatite and zinc or magnesium

phosphates) which generally improve the chemical durability.
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