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Abstract A new glass system SnO–MgO–P2O5 with

low viscosity has been developed by a melt-quenching

method. Formation, thermal properties, and chemical

durability of these glasses have been investigated. For a

constant P2O5 concentration, the glass formation abil-

ity is enhanced with the increasing Sn/(Sn + Mg) ratio.

The glasses exhibit low glass transition temperature

(Tg = 270–400 �C), low dilatometric softening tem-

perature (TDS = 290–420 �C), and high thermal

expansion coefficient (CTE = 110–160 · 10–7 K–1).

With the increasing Sn/(Sn + Mg) ratio, Tg and TDS

decrease, and CTE increases. When Sn/(Sn + Mg) ra-

tio is varied, the relationship between chemical dura-

bility and thermal properties of the present glasses is

not consistent with what expected in general cases. It is

noted that the glasses with 32–32.5 mol% P2O5 exhibit

excellent chemical durability and tunable Tg, TDS, and

CTE (by varying Sn/(Sn + Mg) ratio).

Introduction

In comparison to silicate glasses, phosphate glasses have

unique properties, e.g., low melting temperatures, low

softening-temperatures [1], high thermal-expansion [2,

3], and optical characteristics [4, 5]. Thus, low-melting

phosphate glasses are candidate materials for applica-

tions such as IC packaging, thick-film technology,

glass-metal sealing, flat panel display sealing, host

matrix for the vitrification of radioactive waste, and host

materials for lasers [2–9]. From the environment view-

point, lead-free, P2O5-based glasses are also alternatives

to the PbO-containing glasses [10]. However, the prac-

tice use of phosphate glasses is limited due to their

relatively poor chemical durability [11, 12]. Several

efforts have been made to improve the chemical dura-

bility while retain the low softening-temperature of

phosphate glasses [1, 2, 4, 5, 7, 8, 10, 13–19]. SnO-

containing phosphate glasses [1, 7, 10, 13–22], e.g.,

SnO–ZnO–P2O5 system, were found to possibly fulfill

these requirements [7, 15–19].

In the present study, a new glass system SnO–MgO–

P2O5 with low viscosity was developed. Effect of Sn/

(Sn + Mg) ratio on the formation and properties of the

glasses were investigated. The present glass system was

shown to have low softening temperatures and good

chemical durability.

Experimental procedures

Preparation of glass

Glasses with nominal compositions shown in Fig. 1 were

prepared from reagent-grade Sn2P2O7, NH4H2PO4,

and MgO. The MgO powder was obtained from cal-

cining Mg(OH)2 powder at 700 �C for 1 h. Well-mixed

powder containing 10–15 g of the above chemicals and

1 wt% of sugar was placed in an alumina crucible. The

batch was put directly into a furnace at 950–1200 �C in

a nitrogen atmosphere. Nitrogen atmosphere and sugar

was able to provide a reducing atmosphere during

melting to inhibit the oxidation of Sn2+ to Sn4+. After
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heating for 10–30 min, the melt was quenched by

pouring it onto a copper plate. The glass was then

annealed at 300 �C for 1–3 h and then furnace-cooled

to room temperature. In general, higher temperatures

for melting and annealing were required for the com-

positions with more MgO content. Chemical analysis of

the glasses indicated that the difference between

nominal composition and real composition for each

component was less than 2 mol%.

Characterization

Glass transition temperature (Tg), dilatometric soft-

ening temperature (TDS), and coefficient of thermal

expansion (CTE, 50 �C to Tg) of the glasses were

measured by thermomechanical analysis (TMA)

(Model SETSYS-1750, Setaram Inc., France), using

quartz as push rod. The heating rate was 10 K/min. The

Fourier transform infrared (FTIR) spectra of the

glasses were recorded between 1,400 and 400 cm–1

(resolution 4 cm–1) on a spectrophotometer (Model

300E, Jasco Co., Tokyo, Japan). For chemical dura-

bility test, the glasses were cut by diamond saw and

ultrasonic cutter to yield disc-shaped samples (diame-

ter 7.9 mm and thickness 2.5 mm). The samples were

polished with No.1200 SiC paper and then ultrasoni-

cally cleaned with acetone, deionized water, and alco-

hol. The glass samples were placed in covered

polypropylene flasks containing 100 mL of deionized

water (initial pH = 7) at 90 ± 1 �C for 6 h. At least

three samples were used from each composition glass.

Then, the dissolution rate, defined as the weight loss

per unit surface area per unit time, was calculated.

Results

Glass formation

Figure 1 shows the glass formation region (the hatched

area). The content of the glass former P2O5 should be

at least 25 mol% to form glassy state. When the con-

tent of the glass former P2O5 is higher than 55 mol%,

glasses with any Sn/(Sn + Mg) ratio can be formed.

When the P2O5 content is in the range of 25–55 mol%,

the Sn/(Sn + Mg) ratio that is required for glass for-

mation must be increased when the content of the

network former P2O5 is decreased (except for the

binary MgO–P2O5 compositions). It is also noted that

the glass formation region of the binary system SnO–

P2O5 (upto 80 mol% SnO) is much wider than that of

the MgO–P2O5 system (50 mol% MgO).

Several literatures [23–25] have been reported on

the preparation of SnO–SiO2 glasses. The melts are

inhomogeneous due to the reaction of some Sn2+ to Sn0

and Sn4+. The SnO2 floats to the surface of the melt

and Sn metal sinks to the base. It was found in the

present study that, if the batch did not contain suitable

amounts of sugar and was melted in air, a significant

amount of SnO2 crust will form on the melt surface.

The utilization of sugar and nitrogen atmosphere was

found to be useful for minimizing the oxidation of Sn2+

to Sn4+ during melting, although the melts with a P2O5

content of around 25 mol% and a higher SnO content

still revealed a small amount of crust on the melt sur-

face. No metal tin was found in the glass melt. In

addition, there are several works on the enhancement

of chemical durability by nitridation of the phosphate

glasses [26]. Although the present glasses were melted

in nitrogen atmosphere, the possible nitridation effect

was not taken into account in the present study.

It is noted that the glasses with P2O5 contents ex-

ceed ~40 mol% were easily attacked by humidity, and

that the glasses with P2O5 contents lower than

~25 mol% became less stable during glass formation.

Therefore, glasses with P2O5 contents between 30 and

42.5 mol% were investigated in the following experi-

ment. The concentrations of SnO and MgO are 32.5–70

and 0–25 mol%, respectively (see Fig. 1).

Thermal mechanical analysis

Figure 2a–c show the variations of glass transition

temperature (Tg), dilatometric softening temperature

(TDS), and coefficient of thermal expansion (CTE) of

the glasses with the Sn/(Sn + Mg) ratio, respectively. It

can be seen that the glasses exhibited low glass tran-

sition temperature (Tg = 270–400 �C), low dilatometric

Fig. 1 Compositions investigated and glass formation region of
the SnO–MgO–P2O5 system
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softening temperature (TDS = 290–420 �C), and high

thermal expansion coefficient (CTE = 110–160 ·
10–7 K–1).

In general, increase in the content of divalent cation

is expected to increase the degree of cross-linking be-

tween chains or rings which are constructed by PO4
3–

tetrahedra, resulting in increase in Tg and TDS, and

decrease in CTE [27]. However, in the present study,

we cannot explore definite relationships between the

above properties and the P2O5 content. On the other

hand, when the Sn/(Sn + Mg) ratio is increased, Tg and

TDS decrease, and CTE essentially increases.

Chemical durability

Figure 3 shows the dissolution rate (DR) as a function

of Sn/(Sn + Mg) ratio for the glasses immersed in 90 �C

water for 6 h. The DR values range from 3 to

328 · 10–5 g/cm2 min. It can be seen that increase in the

P2O5 content resulted in the increase in DR. The glasses

with 30–32.5 mol% P2O5 exhibited chemical durability

comparable with a sintered commercial PbO-based

sealing glass and were still transparent after the test.

As shown in Fig. 3, the variation of DR with the Sn/

(Sn + Mg) ratio shows two regions with the opposite

trends. The whole curves for 30–37.5 mol% P2O5 and

the left parts of the curves for 40–42.5 mol% P2O5 are

in region I, characterized as the nearly constant or

decreased DR with increasing Sn/(Sn + Mg) ratio. For

P2O5 content of 30–32.5 mol%, DR is nearly constant

with the Sn/(Sn + Mg) ratio. For P2O5 content of 35–

42.5 mol%, increase in Sn/(Sn + Mg) ratio results in

the decrease in DR, and this trend becomes remark-

able for the higher P2O5 contents. Moreover, it is noted

that for the glasses in this region, addition of SnO is

helpful to reduce the viscosity and improve chemical

durability. The glasses with 32–32.5 mol% P2O5 in this

region exhibit excellent chemical durability and tun-

able Tg, TDS, and CTE (by Sn/(Sn + Mg) ratio).

On the other hand, the right-hand sides of the curves

for 40 and 42.5 mol% P2O5 are in region II, charac-

terized as the increased DR with increasing Sn/

(Sn + Mg) ratio. An abrupt increase in DR is observed

at the ‘‘transition’’ point (marked by the arrow)
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Fig. 2 Effect of Sn/(Sn + Mg) ratio on the (a) glass transition
temperature, (b) dilatometric softening temperature, and (c)
coefficient of thermal expansion of the glasses
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Fig. 3 Variation of dissolution rate with Sn/(Sn + Mg) ratio for
the glasses immersed in 90 �C deionized water for 6 h.
Compositions in region II are indicated by the dotted line. Other
compositions are in region I
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between region I and region II. The transition point

shifts to a lower Sn/(Sn + Mg) ratio when the P2O5

content is increased from 40 to 42.5 mol%.

In summary, lower P2O5 contents or higher P2O5

contents + lower Sn/(Sn + Mg) ratios favor region I.

For P2O5 contents ‡40 mol% and Sn/(Sn + Mg) ratios

higher than the transition point, region II is observed.

Infrared (IR) spectra

Figure 4a–c show the typical IR spectra of the glasses

(P2O5 concentration = 42.5, 37.5 and 30 mol%,

respectively). The high-frequency bands at 1240–

1280 cm–1 may be associated with the asymmetric

stretching vibrations of the two non-bridging oxygen

atoms bonded to phosphorus atoms, the PO2 units, in

the Q2 tetrahedra forming the polyphosphate chains

[28, 29]. The bands at 1100 and 1000 cm–1 are attributed

to asymmetric and symmetric stretching vibrations of

the PO3
2- terminal groups (Q1 tetrahedra), respectively

[30]. The bands at 900 and 700–780 cm–1 can be

attributed to asymmetric (in phosphate chains) and

symmetric (in phosphate rings) stretching modes of the

P–O–P bonds, respectively [28, 29, 31]. The band at

500–530 cm–1 can be assigned to the bending modes of

the PO4 groups [31, 32]. It is noted that when the Sn/

(Sn + Mg) ratio was increased, the absorption associ-

ated with Q2 decreased while those due to Q1 increased.

Discussion

As shown in Fig. 1, for a constant P2O5 concentration,

the glass formation ability is enhanced with the

increasing Sn/(Sn + Mg) ratio. It is also noted that the

glass formation region of the binary SnO–P2O5 system

(upto 80 mol% SnO) is much wider than that of the

MgO–P2O5 system (50 mol% MgO). This result sug-

gests that Sn2+ ion acts as not only a glass modifier but a

glass former. It has been reported in glasses based on

SnO–P2O5 [20, 21, 33] that Sn2+ acts as a modifier when

P2O5 is the dominating glass forming oxide. With

increasing SnO concentration, Sn2+ tends to behave as a

glass former. In Na2O–SnO–P2O5 glasses [20], for

example, Sn2+ acts as a modifier up to about 27 mol% of

nominal composition. Above this concentration, Sn2+

acts as a network former. On the other hand, Mg–O

bond is ionic in nature and the MgO content (0–

25 mol%) is not high in the present study, suggesting

that Mg2+ always acts as a network modifier. The im-

proved glass stability in the present study for higher Sn/

(Sn + Mg) ratio seems consistent with the above struc-

tural mechanism.

As shown in Fig. 2a–c for thermal properties, with

increasing Sn/(Sn + Mg) ratio, Tg and TDS decrease,

and CTE increases. This result implies that increase in

the concentration of SnO relative to MgO would

weaken the average bond-strength of the glass struc-

ture. It is suggested that the larger size of Sn2+ ion

(1.12 Å) than Mg2+ ion (0.65 Å) would result in the

weaker Sn–O bond relative to the Mg–O bond.

As shown in Fig. 3 for chemical durability, the

increase in the P2O5 content results in the increase in

DR, due to the increased amount of P–O–P bonds

which is easily attacked by water molecules [12]. On

the other hand, when Sn/(Sn + Mg) ratio is varied, the

relationship between chemical durability and thermal

properties of the present glasses is not consistent with

what is expected in general cases, i.e., decreased vis-

cosity and improved chemical durability are mutually

exclusive [3]. As previously discussed on thermal

properties, increase in Sn/(Sn + Mg) ratio would

weaken the glass structure, thus at first an increased

trend of DR is expected. However, for the glasses in

region I, addition of SnO to replace MgO is helpful to

reduce the viscosity and improve chemical durability.

Namely, these glasses show an ‘‘abnormal’’ relation-

ship between chemical durability and thermal proper-

ties. On the other hands, the glasses in region II show a

‘‘normal’’ relationship between chemical durability

and thermal properties, i.e., the viscosity and chemical

durability are both reduced with increasing Sn/

(Sn + Mg) ratio.

According to the FTIR results (Fig. 4a–c), the glass

structure was changed from Q2 to Q1 when the Sn/

(Sn + Mg) ratio was increased. Takebe et al. [34] have

reported that when the structure of x ZnO – (100 – x)

P2O5 glasses (in mol%, x = 50–70) was changed from

Q2 to Q1 due to the increase in the ZnO content, the

chemical durability was significantly improved (i.e., a

reduced DR). Moreover, for cations of the same

charge, the polarizability of the cation increases with

the increasing cation radius [35]. The larger size of Sn2+

ion (1.12 Å) than Mg2+ ion (0.65 Å) indicates the lar-

ger polarizability of Sn2+ ion with respect to Mg2+ ion.

He et al. [27] found that addition of cations with a high

polarizability into a phosphate glass reduced glass vis-

cosity and improved chemical durability. Therefore, it

is suggested that the abnormal behavior of region I in

the present study can be explained by the above-

mentioned structure change as well as the larger

polarizability of the Sn2+ ion.

On the other hand, with the increasing Sn/(Sn + Mg)

ratio, the glass structure is continuously weakened

because of the lower bond energy of the Sn–O bond

relative to Mg–O bond, as previously discussed for the
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thermal properties. This would tend to reduce the

chemical durability (i.e., an increased DR). It is sug-

gested that the normal behavior of region II was caused

by this mechanism.

Conclusions

A new glass system SnO–MgO–P2O5 with low viscosity

has been developed. For a constant P2O5 concentration,

the glass formation ability is enhanced with the

increasing Sn/(Sn + Mg) ratio. The properties of the

glasses with P2O5 contents between 30 and 42.5 mol%

were further investigated. The glasses exhibit low glass

transition temperature (Tg = 270–400 �C), low dilato-

metric softening temperature (TDS = 290–420 �C), and

high thermal expansion coefficient (CTE = 110–160 ·
10–7 K–1). With the increasing Sn/(Sn + Mg) ratio, Tg

and TDS decrease, and CTE increases. When Sn/

(Sn + Mg) ratio is varied, the relationship between

chemical durability and thermal properties of the pres-

ent glasses is not consistent with what expected in gen-

eral cases. For the glasses with lower P2O5 contents (30–

37.5 mol%) or higher P2O5 contents (40–42.5 mol%)

plus lower Sn/(Sn + Mg) ratios, addition of SnO is

helpful to reduce the viscosity and improve chemical

durability, i.e., these glasses show an ‘‘abnormal’’ rela-

tionship between chemical durability and thermal

properties. On the other hands, the glasses with

‡40 mol% P2O5 and higher Sn/(Sn + Mg) ratios showed

reduced chemical durability with increasing Sn/

(Sn + Mg) ratio. These glasses show a ‘‘normal’’ rela-

tionship between chemical durability and thermal

properties. It is noted that the glasses with 32–

32.5 mol% P2O5 exhibit excellent chemical durability

and tunable Tg, TDS, and CTE (by varying Sn/(Sn + Mg)

ratio).
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