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Abstract

Lithium aluminum silicate glasses of composition (wt%) 12.6Li2O–71.7SiO2–5.1Al2O3–4.9K2O–3.2B2O3–2.5P2O5 were prepared by the melt

quench technique. These glasses were converted to glass–ceramics based on DTA data. X-ray diffraction (XRD) and Fourier transform infra-red

spectroscopy (FTIR) were used to discern the phases evolved in the glass–ceramics. Phase morphology was studied using scanning electron

microscopy (SEM). Thermal expansion coefficient (TEC) and glass transition temperature (Tg) of all samples were measured using thermo-

mechanical analyzer (TMA). It was found that 3 h dwell time at crystallization temperature yielded samples with good crystallinity with a TEC of

9.461 � 10�6 8C�1. Glass–ceramic-to-metal compressive seal with SS-304 was fabricated using LAS glass–ceramic. The presence of metal

housing and compressive stresses at the glass–ceramic-to-metal interface reduced average grain size and changed the overall microstructure.
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1. Introduction

Lithium aluminum silicate (LAS) glass–ceramics posses a

range of useful properties such as high strength, good resistance

to mechanical and thermal shocks and excellent chemical

durability [1–3]. As a result LAS glass–ceramics see extensive

application in heat exchangers, cookware, telescope mirror

supports etc. [4,5]. The low alumina region of the LAS phase

diagram yields lithium disilicate glass–ceramics [6]. These

high strength, high thermal expansion coefficient (TEC) glass–

ceramics are useful in hermetic sealing and enameling with

high TEC metals. To precisely tune the TEC and other thermo-

mechanical properties, heat-treatment schedule for crystal-

lization must be carefully optimized. In this paper, we present

some studies on the nature and morphology of crystalline

phases formed in LAS glasses as a function of dwell time at

crystallization temperature (Td) using X-ray diffraction (XRD)

and scanning electron microscopy (SEM). The effect of these

phases on TEC (a), softening temperature and microhardness

(m-hardness) of the glass–ceramics is studied. As a technology
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demonstration, LAS glass–ceramic-to-metal (SS-304) com-

pressive seal was fabricated. The glass–ceramic-to-metal

interface was studied by using SEM and EDAX to understand

the sealing mechanism and the effect of the metal housing on

the morphology of the phases formed.

2. Experimental procedure

2.1. Preparation and characterization of glass–ceramics

LAS parent glasses of composition (wt%) 12.6Li2O–

71.7SiO2–5.1Al2O3–4.9K2O–3.2B2O3–2.5P2O5 were prepared

by the melt quench technique. Analytical grade precursors

(Li2CO3, Al2O3, SiO2, B2O3, NH4H2PO4 and KNO3) were

mixed thoroughly and calcined in recrystallized alumina

crucibles according to a schedule determined by the decom-

position temperatures of the precursors. To ensure complete

decomposition of nitrates and carbonates into oxides, the batch

was weighed before and after calcination to ensure complete

decomposition of the precursors. The calcined batch was

melted under air ambient at 1500 8C in a Pt–Rh crucible in

a raising lowering hearth electric furnace (Model OKAY

R-70 M/s Bysakh and Co., Kolkata). After homogenization for

1 h, the melt was poured onto pre-heated graphite moulds and
d.
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Fig. 1. DTA curve of LAS glass sample.

Table 1

A summary of heat-treatment applied to various samples

Sample

number

First crystallization

temperature T1 (8C)

Dwell time

at T1 (h)

Second crystallization

temperature T2 (8C)

Dwell time

at T2 (h)

LAS-A 600 2 800 2

LAS-B 600 2 800 3

LAS-C 600 2 800 4

LAS-D 600 2 800 5

Fig. 2. XRD spectra of glass samples heat-treated at 800 8C for different dwell

times. The extra peaks corresponding to lithium disilicate are indicated.
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annealed at 500 8C for a 3–4 h to relieve thermal stresses. The

vitreous nature of the annealed glass was verified by powder

XRD (Philips PW1710 X-Ray Diffractometer with collimated

Cu Ka radiation).

DTA measurements on glass powders were performed on a

Setaram 92-15 TG/DTA apparatus that was calibrated using the

melting points of high purity indium and zinc. The non-

isothermal experiments were performed by heating approxi-

mately 40 mg of the sample in Pt crucibles under protective

ambient, using empty Pt crucible as reference. A heating rate of

10 K/min was employed in the range 25–1000 8C. Samples

were crystallized according to DTA data. Samples were

nucleated at 500 8C for 1 h and were then heated at 60 8C/h to

600 8C. After holding there for 2 h, samples were heated at

60 8C/h to 800 8C. Samples were held at that temperature for 2–

5 h followed by furnace cooling to room temperature. The

crystallization heat-treatments employed are given in Table 1.

Powder XRD in the 208 � 2u � 708 range in steps of 0.58 was

used to identify the crystalline phases formed. Phase

identification was carried out using MATCH1 software. Glass

and glass–ceramic powders were mounted in KBr pellet for

Fourier transform infra-red (FTIR) spectroscopy in the 40–

1500 cm�1 range using a Bomem D8 Fourier transform

spectrometer. To study phase morphology of unconstrained

glass–ceramic samples, they were etched (10% HF for 10 s) and

coated with gold. Secondary electron micrographs were taken

on these samples using SEM (Vega MV2300T/40).

Glass as well as glass–ceramic samples were made flat by

polishing and used for thermo-mechanical analysis (TMA)

(Model 92-12 M/s Setaram, France). TMA was employed to

measure the thermal expansion coefficient, glass transition

temperature (Tg). The experiments were carried out in a

precisely controlled furnace under flowing Ar ambient. Sample

expansion was measured using a hemispherical silica probe

with the sample under compressive load of 5 g.

Microhardness measurements were performed on mirror

polished glass and glass–ceramic samples by a Vicker’s

microhardness tester (Model VMHT 30 M M/s Leica). In all

cases, an indentation load of 100 g for 10 s was employed.

Vicker’s microhardness number (VHN) was calculated by

measuring the diagonal length of the indentation made in the

sample by a square base pyramidal indenter [7,8]. The VHNs

reported are the averaged values for at least 10 indentations.

2.2. Seal fabrication and characterization

Compressive seal of LAS glass–ceramic with SS304 metal

housing was prepared as per details discussed elsewhere [9].
The dwell time at crystallization temperature of 800 8C was

maintained 3 h. The interface of the glass–ceramic-to-metal

seal (constrained) has been studied by SEM as mentioned

earlier.

3. Results

The LAS compositions studied yielded transparent bubble

free glass. Powder XRD patterns of annealed LAS glasses

showed the characteristic broad peaks of amorphous materials.

Parent LAS glasses had a TEC of 10.5 � 10�6 8C�1 and Tg of



Fig. 3. FTIR spectra of LAS glass (bottom) and LAS glass–ceramics heat-

treated at 800 8C for 2 h (LAS-A), 3 h (LAS-B) and 5 h (LAS-D).
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543 8. DTA curve of LAS glass is given in Fig. 1. It exhibits a

glass transition endotherm at �550 8C and two well-defined

exotherms at �600 and 800 8C. XRD spectra for samples heat-

treated at 800 8C for various times are given in Fig. 2. Lithium

disilicate was the major phase identified by XRD in all samples.

Sample crystallinity seemed to increase with dwell time up to 3 h.

This is borne out by the fact that the XRD spectrum of LAS-B

glass–ceramic shows some additional peaks corresponding to

lithium disilicate. The FTIR spectra for LAS parent glass and

glass–ceramics are given in Fig. 3. Parent glasses show a strong

peak characteristic of Si–O stretching modified by Al3+ as a

cation coordinating the oxygen at 1000–1100 cm�1. The peaks at

925 and 850 cm�1 can be attributed to the presence of non-

bridging oxygen (NBO) atoms, while the absorbance at

�730 cm�1 arises due to the Al–O covalent bond vibration

caused by Al3+ substituting isomorphously for Si4+ [10,11]. The

FTIR spectra for glass–ceramics heat-treated for 2 h (a), 3 h (b)

and 5 h (c) show strong peaks at �550, 640, 755, 785 and

935 cm�1 corresponding to lithium disilicate. Additional peaks
Fig. 4. SEM micrographs of unconstrained LAS samples heat-treated at 800 8C for (a) 2 h, (b) 3 h, (c) 4 h and (d) 5 h.



Table 2

Thermo-physical properties of LAS glass–ceramics heat-treated at 8008C for 2–

5 h

Sample

number

Dwell time

at 800 8C (h)

TEC

(�10�6 8C�1)

Tg (8C) mH (Gpa)

LAS-A 2 8.397 573 6.47 � 0.05

LAS-B 3 9.461 584 6.62 � 0.05

LAS-C 4 8.896 544 6.79 � 0.05

LAS-D 5 8.962 582 6.84 � 0.05
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corresponding to the same phase were observed in LAS-B glass–

ceramics at �470 and 1018 cm�1 [12]. In addition, the

absorption peaks in LAS-B sample are more sharp and well-

defined implying greater crystallinity in this glass–ceramic.

SEM micrographs of LAS-A, -B, -C and -D glass–ceramics

(unconstrained) are given in Fig. 4. At 3 h dwell time, as is

evident from Fig. 4b, a highly crystalline sample is obtained with

an ovoidal microstructure of lithium disilicate with an average

grain size of 20–30 mm. The microstructure of samples heat-

treated beyond 3 h shows signs of phase melting. The associated
Fig. 5. SEM micrograph of (a) the glass–ceramic-to-metal interface showing

the effect of the compressive stress on microstructure of the LAS glass–ceramic

and (b) the centre of the seal.

Fig. 6. EDAX line scan across the glass–ceramic-to-metal interface showing no

interdiffusion of species.
changes in thermo-physical properties are given in Table 2.

Glass–ceramics heat-treated at 800 8C for 3 h have the highest

TEC and Tg of all glass–ceramics prepared. Microhardness of all

glass–ceramics were higher than parent glass and increased

slowly with dwell time. SEM micrograph of the glass–ceramic-

to-metal seal interface is shown in Fig. 5a. The microstructure at

the interface is strongly influenced by the presence of the metal

housing. The average grain size in the presence of the metal is

smaller (10–15 mm) than LAS-B glass–ceramics (uncon-

strained) (20–30 mm). In addition to the reduction in grain size,

phase morphology changes at the glass–ceramic-to-metal

interface. The microstructure at the interface is made up of

fine, rounded grains and a few whisker like grains extending

towards the glass–ceramic region. At the centre of the seal,

microstructure (Fig. 5b) was quite similar to that of the

unconstrained glass–ceramic (Fig. 4b). EDAX line scans (Fig. 6)

run across the glass–ceramic-to-metal interface show no inter-

diffusion of species. Leak tests performed on the seal showed it to

be capable of withstanding a vacuum of 1.33 � 10�4 Pa at a

helium leak rate of less than 1.33 � 10�10 Pa m3/s. The seal also

withstood a pressure of 82.73 MPa.

4. Discussion

The LAS glass composition chosen for this study lies in the

low alumina, lithium disilicate yielding region of the LAS

phase diagram [6]. The P2O5 added to the composition causes



Fig. 7. Li2O–Al2O3–SiO2 phase diagram showing the low eutectic temperature

in the lithium disilicate forming region (reproduced from Ref. [6]).
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the crystallization of Li3PO4 crystallites. These then act as sites

for heterogeneous crystallization of cristobalite and lithium

metasilicate as has been earlier observed by Headley and

Loehman [13] and Arvind et al. [14]. This gives rise to the DTA

exotherm observed around 600 8C. Lithium metasilicate then

reacts with cristobalite to yield lithium disilicate [15,16]

leading to the DTA exotherm at around 800 8C. Therefore,

heat-treatment at 600 8C followed 800 8C results in lithium

disilicate as the major crystalline phase in all glass–ceramics

prepared. The lithium metasilicate phase is thermodynami-

cally unstable but kinetically favourable and this phase appears

first. On heat-treatment at higher temperature, this phase is

replaced by the slower growing, but thermodynamically

favoured lithium disilicate phase [17]. From the LAS phase

diagram (Fig. 7), it is evident that the lowest eutectic of low

alumina LAS compositions is around 1000 8C [6,18]. The

addition of fluxes such as B2O3 and K2O to aid melting will

reduce this even further. The lowered eutectic would reduce the

activation energy for diffusion and allow faster growth of

lithium disilicate phase. At the same time, prolonged heat-

treatment at 800 8C could lead to phase melting. Therefore, on

heat-treatment up to 3 h, sample crystallinity increases.

Beyond this, phase melting commences as evident in XRD

and FTIR spectra and confirmed by SEM micrographs. Up to

3 h dwell time, TEC of the samples increases progressively due

to the crystallization of high TEC lithium disilicate phase.

Beyond this dwell time, lithium disilicate phase melts and

causes TEC to reduce. In view of this, a dwell time of 3 h at

800 8C is optimum for achieving comparatively higher sample

crystallinity.

As mentioned earlier, the precipitated Li3PO4 aggregates in

the melt during seal formation act as nucleation sites. In

addition, the presence of metal near glass (glass–ceramic)-to-

metal interface also contributes to nucleation sites. This leads

to an enhancement in nucleation rate leading to greater number
of nuclei close to the interface. These nuclei grow to form

smaller crystallites during glass–ceramic transformation as has

been observed in case of lithium zinc silicate glass–ceramic-

to-metal seal [8]. In this case we have an additional factor of

radial compressive stress at the interface due to the mismatch in

TEC between metal and glass–ceramic (compressive seal).

This also checks the growth of crystallites resulting in further

decrease in grain size. This is in agreement with reports of

reduction in crystallite size under pressure by Fuss et al. [19].

Further due to the combined effect of presence of metal and

compressive stress, some whisker like growths near the

interface also takes place with an overall modification of

microstructure. As we move towards the centre of the seal, the

effects of metal and compressive stress diminish and growth of

crystallites of nearly same size and morphology as in case of

unconstrained situation (Fig. 4b) are observed. Since the seal

formed was of the compressive (unmatched) type leak

tightness between metal and glass–ceramic was established

as a result of high compressive stress and hence, there was no

interdiffusion of species between glass–ceramic and metal as is

normally observed in a matched type seal.

5. Conclusions

We observe that dwell time at crystallization temperature

has a profound effect on the evolution of microstructure. A

dwell time of 3 h at crystallization temperature results in a high

TEC glass–ceramic with a comparatively high Tg. The glass–

ceramic-to-metal seal was of the compressive type and could

withstand a vacuum of 1.33 � 10�4 Pa at a helium leak rate of

less than 1.33 � 10�10 Pa m3/s. The seal was found capable of

withstanding a high pressure of 82.73 MPa. The presence of

the metal housing and compressive stresses at the glass–

ceramic-to-metal interface greatly affect the morphology of

phases formed.
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