
Containerless processing of a lithium disilicate glass

K. S. Ranasinghe Æ C. S. Ray Æ D. E. Day Æ
J. R. Rogers Æ R. W. Hyers Æ T. Rathz

Received: 18 August 2005 / Accepted: 6 February 2006 / Published online: 28 February 2007
� Springer Science+Business Media, LLC 2007

Abstract Glasses of Li2O � 2SiO2 (LS2), and LS2

doped with 0.001 wt% platinum (LS2 + 0.001 wt%

Pt) compositions were melted, cooled and reheated

at controlled rates while levitated (containerless)

inside an electrostatic levitator (ESL) furnace at the

NASA Marshall Space Flight Center. The experiments

were conducted in vacuum using spherical, 2.5–3 mm

diameter, glass samples. The measured critical cooling

rate for glass formation, Rc, for the LS2 and LS2 +

0.001 wt% Pt glasses processed at ESL were 14 ± 2 �C/

min and 130 ± 5 �C/min, respectively. The values of Rc

for the same LS2 and LS2 + 0.001 wt% Pt glasses

processed in a container were 62 ± 3 �C/min and

162 ± 5 �C/min, respectively. The effective activation

energy for crystallization, E, for this LS2 glass pro-

cessed without a container at ESL, was higher than that

for an identical glass processed in a container. These

results suggest that the glass formation tendency for a

containerless LS2 melt is significantly increased com-

pared to an identical melt in contact with a container.

The absence of heterogeneous nucleation sites that are

inherently present in all melts held in containers is

believed to be the reason for the increased glass

forming tendency of this containerless melt.

Introduction

Containerless processing of high temperature melts has

the advantage of eliminating container-induced impu-

rities into the melts, which cannot be avoided in melts

in contact with a container. It is known that the

presence of foreign particles can enhance the nucle-

ation and crystallization tendency of a glass by the

process of heterogeneous nucleation [1–7]. The foreign

particles act as nucleating sites/agents on which the

nuclei develop and grow.

In glass forming melts, the container-induced impu-

rities often act as potential sites for heterogeneous

nucleation/crystallization, thereby, increasing the crys-

tallization tendency or reducing the glass forming

tendency of the melt. The compositional region for

glass formation of a system can be extended or the

glass formation tendency for a melt of a particular

composition can be increased if these compositions are

melted and solidified in a containerless fashion, there-

by, facilitating glass formation for melts that are

reluctant to form glass when processed in a container.

Containerless processing also provides a unique way
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for preparing glasses of ultra-high purity and, hence, of

special properties even from melts that are highly

reactive to most known container materials.

The glass formation tendency for a melt is generally

estimated from its critical cooling rate for glass

formation, Rc, which is the slowest rate at which a

melt can be cooled without crystallization [8, 9]. A

smaller Rc indicates a higher tendency for glass

formation or a smaller tendency for crystallization of

the melt. Like wise, the effective activation energy, E,

for crystallization can also be used as a measure for the

tendency for glass formation of a melt [10]. A higher

value of E implies a larger tendency for a melt to form

glass. The objective of the present work is to determine

whether containerless processing improves glass for-

mation of melts by measuring their critical cooling rate,

Rc and the effective activation energy, E; and compar-

ing these values with those for the same melts

processed in a container. Although, the hypothesis

for improving the glass forming ability of a melt by

suppressing heterogeneous nucleation through con-

tainerless processing seems reasonable, it has not been

experimentally demonstrated up to this time for glass

forming, inorganic oxide melts.

The electrostatic levitation (ESL) system at the

NASA Marshall Space Flight Center (MSFC, Hunts-

ville, AL) [11, 12] was used for the present container-

less experiments. In the family of containerless

processing facilities, ESL has the capability of levitat-

ing a wide range of materials [13–16], including glass

forming melts based on inorganic oxides (non-con-

ducting) [17, 18] that are of interest in the present

investigation. Melts of Li2O � 2SiO2 composition

(hereafter referred to as LS2) and LS2 doped with

0.001 wt% Pt particles as heterogeneous nucleating

agent were used. The LS2 melt was selected primarily

for the reason that a glass of this composition is widely

used as a model glass for investigating nucleation and

crystallization kinetics, and the properties that are of

interest in the present investigation are available for

this glass [19–25].

The present work at MSFC-ESL was undertaken

due to reports [26–29], which suggest that the glass

forming tendency for melts processed in low-gravity

(space) is increased compared to identical melts

processed at 1-g on earth. However, it is not known

whether the observed increase in glass formation for

the space melts is due to containerless processing, or

the effect of low-gravity, or both. Measuring the glass

formation or crystallization tendency for a melt under

containerless condition at ESL on earth (1-g) and

comparing these results with those from the contain-

erless experiments in space (low-g) will help identify

and separate the respective roles of containerless

processing and low-gravity on the kinetics of melt

solidification.

Experiment

Sample preparation

A well mixed batch of 33.3 mol% Li2CO3 (purity

99.0%, Alfa Aesar) and 66.7mol% crystalline SiO2

(purity 99.9%, Alfa Aesar) that produced about 20 g of

LS2 glass was melted in an electric furnace at about

1400 �C for 3h in a platinum/10% rhodium crucible.

The melt was stirred three times with an alumina rod at

intervals of ~45 min to ensure homogeneity. Glass

fibers with a diameter between 0.25–0.50 mm and

500 mm long were drawn from the melt by hand. One

end of the glass fiber was melted using a fine tipped

propane torch. As the fiber melted and formed a

spherical glass bead, a critical weight-to-surface tension

value was reached at which the sphere detached from

the rest of the fiber. By controlling the length of the

fiber in the melted zone, glass spheres of various

diameters could be easily prepared. The density of the

melt limits the maximum size of the spheres that can be

produced by this technique. For the LS2 glass, spheres

with diameters of 3.0 ± 0.5 mm (masses between 20 mg

and 30 mg) were found highly suitable for stable

levitation in the ESL. LS2 glass spheres containing

0.001 wt% Pt as heterogeneous nucleating agents were

also prepared by the same method and used to

investigate the effect of heterogeneous nucleation on

the critical cooling rate for glass formation of contain-

erless melt. All the samples were stored in vacuum

desiccator until use to avoid moisture contamination.

A part of the melt was cast to produce a glass for the

purpose of analysis and characterization. X-ray dif-

fraction analysis (XRD) and examination via scanning

electron microscopy (SEM) showed no evidence of un-

melted or crystalline particles in the as-quenched glass.

The intensity (number of counts per second) of the

SiO2 peak as measured by energy dispersive X-ray

analysis (EDS) on 10–12 randomly chosen separate

locations, each having the area of ~100 lm · ~100 lm,

on the surface of a glass sample was, within experi-

mental error, very close to each other, which suggests

for an excellent homogeneity of the as-made glass. No

other impurities, including Pt in the 0.001 wt% Pt

doped glass, was detected by EDS. The differential

thermal analysis (DTA) profile for both the undoped

and doped (0.001 wt% Pt) LS2 glasses was also

identical to those reported earlier for similar glasses.
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The chemical composition for the as-made glasses

was not measured. The primary purpose in the present

work was to compare the results obtained from

containerless experiments with those from experiments

conducted in a container. Since, the glass prepared

from the same batch melting was used in both

containerless and in-container experiments, any minor

change in the chemical composition of the as-made

glass from the batch composition should not affect or

change the primary conclusions of the present work.

Processing in ESL

The levitation of a specimen in ESL is accomplished by

countering the weight (down ward) of the specimen by

an upward electrostatic force generated by the electric

charge on an electrode and the induced charge on the

specimen [12]. In the ESL system at MSFC, three sets

of electrodes position the specimen during processing,

and comprise the heart of the system. Two dual-axis

position sensitive detectors (PSD) in perpendicular

direction provide input for the PID control-loop

computer, and a stable sample position is maintained

by adjusting the control signals provided as in put to

the DC amplifiers connected to the electrodes. A

detailed algorithm used in the control loop can be

found in ref. 10. A 50W CO2 laser operating at 10.6 lm

permits sample heating independent of positioning,

and the levitation experiments are typically performed

at a pressure of approximately 10–10 bar (10–5 Pa). A

schematic of the MSFC-ESL system, the electrode

assembly, and additional technical information can be

found at the website http://esl.msfc.nasa.gov

Prior to the experiments in ESL, each spherical glass

sample was carefully weighed to an accuracy

of ± 0.001 mg, and assigned an identification number

for future reference. After levitating, the sample was

heated to about 1200 �C (liquidus temperature for this

LS2 glass is 1033 �C) using a controlled heating rate.

Controlling the power to the laser source controls the

heating and cooling rates of the sample. A maximum

heating or cooling rate of 250 �C/s can be achieved by

turning the power of the laser source instantaneously

on (to the full desired value) or completely off. The

spot size of the laser beam was a little larger than the

sample size (3–5 mm diameter) so that the beam

covered the entire sample. The temperature of the

sample was measured by an ImpacTM optical pyrom-

eter having a wavelength range 1.45–1.8 lm.

The sample was observed, during processing, using

a charged coupled device camera attached to a long-

range microscopic lens. A conventional lamp using

appropriate heat filters to reduce background noise

into the pyrometer illuminated the magnified view of

the sample. Images were recorded in standard VHS

format for later analysis. A typical temperature-time

heating curve for a levitated LS2 glass when heated

at 50 �C/min in the ESL is shown in Fig. 1. The

exothermic and endothermic peaks (Fig. 1) corre-

spond to crystallization and melting of the sample,

respectively.

A rapid heating of the glass sample produced

unwanted disturbance (vibration, oscillation, spinning),

causing, in most instances, the sample to be lost from

its stable position of levitation. The sample either fell

down or moved upwards to stick to the upper

electrode. A huge difference in expansion during rapid

heating between the glass and the residual gas bubbles

in the glass, which were most likely introduced into the

glass during fabrication, is suspected to be the reason

for the disturbance. As expected, this disturbance in

the sample position became more severe during melt-

ing when the gas bubbles in the molten sample moved

very fast to the top and started bursting randomly from

the top surface.

A slow heating rate of 3–5 �C/min was found to be

satisfactory to maintain stable levitation of the sam-

ple. At this slow heating rate, the gas bubbles in the

molten sample were observed to move upwards

sufficiently slowly (about 1.5 mm/min) and were

removed from the surface one at a time, thus, causing

no adverse effect on positional stability of the sample.

The sample was kept at 1200 �C until all the gas

bubbles were removed, which depended upon the

number of gas bubbles the sample contained, but
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Fig. 1 Typical temperature–time heating curve (at 50 �C/min)
for a Li2O � 2SiO2 glass while levitated at the ESL (MSFC). The
exothermic and endothermic peaks correspond to crystallization
and melting, respectively, of the glass. Sample diameter: 2.7 mm;
sample mass: 24 mg
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typically took about 2–3 min. This slow heating

schedule was given to all samples that were levitated

and processed in the ESL for the first time. Once a

sample was made completely free from gas bubbles

and solidified to glass, a re-heating at a much faster

rate would not seriously affect the stability of the

sample for levitation, for example, see Fig. 1 where

the sample was re-heated at 50 �C/min after making it

bubble-free using a slow heating rate.

After melting at 1200 �C for about 3min, the molten

sample was cooled at different predetermined rates to

about 300 �C, and a temperature versus time cooling

curve was continuously recorded. Any crystallization of

the sample during continuous cooling was clearly visible

in the real time video image and also by an exothermic

change in the cooling curve, Fig. 2. It is to be noted that

the same sample can be used in repeated heating-

cooling cycles if it is not lost from levitation for any

reason. The temperature, Tc, at which the melt crystal-

lized when cooled at a rate, R, was determined from the

temperature–time cooling curve, such as one shown in

Fig. 2, and the critical cooling rate for glass formation,

Rc, was calculated using the following analysis.

The cooling rate, R, at which a crystallization peak

is just detectable, was taken as a measure for Rc.

Melts that cooled from the melting temperature, Tm,

with a rate slower than Rc would crystallize and produce

an exothermic crystallization peak in the time–temper-

ature cooling curve. The crystallization temperature, Tc,

varies with the cooling rate, R as [30, 31]

lnðRÞ ¼ lnðRcÞ �
B

ðTm�TcÞ2
ð1Þ

where, B is a constant and Tm is 1033 �C for the LS2

melt. The critical cooling rate, Rc, for glass formation

was determined from the intercept of the plot of ln(R)

versus 1/(Tm – Tc)
2.

Glasses that were produced by using a rapid quench

of the levitated melt at 1200 �C in the ESL, were

reheated at different rates, /, and the temperature, Tp,

corresponding to the peak of the crystallization

exotherm was determined from the temperature-time

heating curve, Fig. 1. The effective activation energy

for crystallization, E, of the glass was calculated using a

Kissinger-type analysis [32], where Tp and / were

shown to be related as,

ln
T2

p

/

 !
¼ E

RTP

� �
þ Constant ð2Þ

where, R is the gas constant. A plot of ln (Tp
2//) versus

1/Tp should result in a straight line whose slope yields

the value for E [10, 33]. A glass with a higher value

of E should have a higher resistance to crystallization,

i.e., a better glass.

In the present containerless experiments in ESL for

determining E (Eq. 2), the LS2 glass was heated at

different rates from 2 to 100 �C/min after cooling the

melt at the same constant cooling rate of ~250 �C/min,

which was achieved by turning off the power to the

laser. A constant cooling rate for all the melts ensures

the same number of quenched-in nuclei in all the

glasses that were available for crystallization in the

subsequent heating step.

After processing in ESL, the mass of each sample

was again measured and compared with the initial mass.

A maximum mass loss of about 0.16 wt% was observed

for the sample that was processed continuously (with-

out breaking the levitated mode) for the longest time,

about 2.5 h. Since the levitation experiments were

conducted in vacuum, evaporation from the surface of

the melt is believed to be the reason for this mass loss.

The first evaporating species should be Li since its

vapor pressure (~3 · 102 Torr) at 1200 �C is higher

than that of Si (~10–5) Torr, which would then be

followed by O to maintain the oxygen stoichiometry in

the melt. However, the small amount of mass loss

(0.16 wt%) observed in the present experiments would

hardly affect the overall composition of the glass, and,

hence, the results of the present work.
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Fig. 2 Typical temperature–time cooling curve at ~11 �C/min
for a Li2O � 2SiO2 melt while levitated at the ESL (MSFC). The
exothermic peak corresponds to the crystallization of the melt.
The numbers on the horizontal time-axis reflect the elapsed time
since the experiment was initially started. For calculating the
cooling rate, R (Eq. 1), the time at which the melt temperature
reached about 1035 �C (= Tm) was taken as the starting time
(zero) for cooling. Sample diameter: 2.5 mm, sample mass:
19 mg
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Differential Thermal Analysis (DTA)—experiment

in a container

Several spherical glass samples, about 3 mm in diam-

eter, were re-melted at 1200 �C while levitated in ESL

for sufficient time to make the melt free from gas

bubbles (about 3 min) and cooled at the highest rate

achievable by turning the power to the laser source off.

These glass samples were then used in DTA (Perkin-

Elmer, DTA-7) to measure Rc and E, where the melt

or glass remained in contact with a container (DTA

crucible). The values of Rc and E measured under

container-contact condition in DTA were compared

with the Rc and E-values measured under containerless

condition in ESL in order to determine whether

containerless processing enhances the glass formation

tendency for this LS2 melt. Pre-processing a glass in

ESL was not necessary for measuring Rc or E by DTA.

Nevertheless, samples processed in ESL were used for

the DTA experiments so as to make sure that, like the

glass used in the ESL experiments, the glass used in the

DTA experiments also did not contain any gas bubble.

The experimental protocol for DTA experiments

was generally the same as that used for the experiments

in ESL. A spherical glass sample that was pre-processed

in ESL was re-melted in a platinum crucible at 1200 �C

in DTA for about 3 min, after which the melt was

cooled at different pre-determined rates. The values of

Tc at different R was determined from the DTA cooling

curves, which were then used in Eq. 1 to determine the

critical cooling rate for glass formation, Rc.

To determine E, a pre-processed glass sample in

ESL was heated in DTA at different heating rates until

the crystallization was complete as exhibited by an

exothermic peak in the DTA. The values of Tp at

different / was determined from the DTA heating

curve, and these values were used in Eq. 2 to determine

the effective activation energy for crystallization, E.

Due to limited time allotted for these containerless

experiments at ESL, only un-doped LS2 glass samples

were prepared for conducting DTA experiments to

measure Rc and E, and no DTA experiments for the

Pt-doped LS2 glass processed at ESL were performed.

Results and discussion

It has been possible to successfully levitate, melt (at

1200 �C), and cool spherical LS2 glass samples, about

3 mm in diameter, in the ESL apparatus. It has been

demonstrated also that a molten LS2 sample can be

levitated for any desired length of time, and the same

sample can be reprocessed through many different

heating-cooling cycles without removing from the ESL

apparatus and without breaking the levitated mode. A

typical snap shot of a LS2 glass while levitated at ESL is

shown in Fig. 3, which was taken when the glass, after

melting and cooling, was reheated at a rate of about

10 �C/min (a), and while the molten glass was held at

1200 �C (b). The picture in Fig. 3(a) corresponds to a

time when the temperature of the sample was

665 ± 5 �C, and the sample already started crystalliz-

ing, note the bottom opaque part of the sample. Video

images showed that the crystals formed initially on the

surface of the sample and then moved in wards (in to

the bulk) with increasing temperature or time. The

glass was kept at 1200 �C until all the bubbles in the

glass samples is removed. The circular lines in Fig. 3(b)

represent the path of gas bubbles as they move from

Fig. 3 (a) Levitated Li2O � 2SiO2 glass at ESL when re-heated
at 25 �C/min after melting at 1200 �C for 3 min and cooling to
room temperature using a fast quench rate (by turning off the
power to the laser). This picture corresponds to a time when the
temperature was 665 ± 5 �C, and the glass already started
crystallizing (lighter areas at the bottom). Sample diameter:
2.5 mm, sample mass: 19 mg. (b) The same Li2O � 2SiO2 glass
sample is at molten stage at 1200 �C while levitated at the ESL.
The small air bubbles were removed from the top of the sample
while levitated. The glass sample was kept at 1200 �C until all the
air bubbles were removed
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inside to the top of the molten droplet on their way of

escaping.

A higher cooling rate (R) depresses the crystalliza-

tion temperature (Tc) of a melt. As mentioned before,

several Tc––values for a melt were determined from

the cooling curves obtained at different R. A typical

containerless LS2 melt cooled at about 11 �C/min at

ESL is shown in Fig. 2. The onset of the crystallization

peak, see Fig. 2, was used as Tc. Figure 4 compares the

plots of ln(R) versus 1/(Tm – Tc)
2, Eq. 1, for the

containerless LS2 melt (ESL) and for the LS2 melt in

contact with a container (DTA) along with the

containerless LS2 doped with 0.001 wt% Pt glass.

The values for the critical cooling rate for glass

formation, Rc, as determined from the intercept of the

straight lines in Fig. 4 are given in Table 1, and are

about 14 and 62 �C/min for the containerless LS2 and

container-contact LS2 glasses, respectively. A Rc value

of 62 �C/min for the LS2 glass measured by DTA

(container-contact) is in excellent agreement with the

similar values reported [34] by others for this glass. The

ratio of [Rc(container)/Rc(containerless)] is 4.4, which

suggests that the glass formation tendency for a

containerless LS2 melt is increased by a factor of 4–5

compared to an identical melt in contact with a

container.

The results also show that the small addition of

0.001 wt% Pt reduces the glass forming ability dra-

matically. When a glass is doped with a certain number

of platinum particles, they form clusters of a size scale

comparable to a critical nucleus [7] and act as possible

active centers for heterogeneous nucleation. In this

work platinum particles were included in order to

compare the critical cooling rates for doped and un-

doped containerless processed LS2 glass. Rc, as deter-

mined from the intercept of the straight lines in Fig. 4

for the containerless LS2 doped with 0.001 wt% Pt

glasses is 130 �C/min. Results indicate that the glass

formation for a containerless LS2 melt reduces by a

factor of 9–10 when doped with 0.001%Pt. The Rc data

for a container processed LS2 melt doped with

0.001 wt% platinum is not available, but an unpub-

lished work by one of the present authors (Ray) shows

it to be about 170 ± 5 �C/min if such a melt is

processed in a container. A smaller Rc, about 130 �C/

min, for the Pt-doped containerless melt compred to

that (170 �C/min) for an identical melt in a container

suggests that containerless processing increases, to

some degree, the glass formation tendency of the melt

even when it contains some nucleation heterogeneities

like Pt. For the two containerless LS2 melts (ESL),

with and without Pt, a higher value of Rc for the melt

doped with Pt than that for the melt without Pt clearly

shows the expected effect of nucleation heterogeneity

on the tendency for glass formation.

The Kissinger plots (Eq. 2) generated using the data

from experiments at ESL (containerless) and DTA

(container) for the glasses are shown in Fig. 5. Once

again, the good linearity of the data points confirms the

accuracy of the measurements. The effective activation

energies, E, determined from the slope of the straight

lines in Fig. 5 are given in Table 1, and are about 392,

270, and 196 kJ/mol for the containerless LS2 (ESL),

container-contact LS2 (DTA), and containerless LS2

doped with 0.001 wt% Pt (ESL) glasses, respectively.

As mentioned before, a high value of E indicates a high

resistance to crystallization or a high tendency to glass

formation. The values of E determined in the present

work (Table 1) confirms the same general conclusion

as that arrived at from the results on Rc, namely, the

glass formation tendency for a containerless melt is

higher than that for an identical melt in contact with a

container.
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Fig. 4 Plots of ln(R) versus 1/(Tm – Tc)
2 (Eq. 1) for the

Li2O � 2SiO2 (LS2) melts under containerless (ESL) and con-
tainer-contact (DTA) conditions. (n) LS2 (containerless, ESL),
(c) LS2 doped with 0.001 wt% Pt (containerless, ESL), (x) LS2

(container, DTA). Typical sample mass: 20–30 mg

Table 1 Critical cooling rate for glass formation, Rc, and the
effective activation energy for crystallization, E, for a
Li2O � 2SiO2 (LS2) glass as measured by containerless (ESL) and
container-contact (DTA) conditions

Glass Processing condition Rc

(�C/min)
(E ± 15)
(kJ/mol)

LS2 Containerless (ESL) 14 ± 2 392
LS2 Container (DTA) 62 ± 3 270
LS2 + 0.001 wt% Pt Containerless (ESL) 130 ± 5 196
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Conclusion

Containerless processing of inorganic oxide glass

forming melts using the electrostatic levitator (ESL)

facility at MSFC has been demonstrated. A stable

levitation of the sample for any length of time can be

achieved while, simultaneously, the sample is subjected

to various heating and cooling cycles between room

temperature and 1200 �C. Measurements of the critical

cooling rate for glass formation and the effective

activation energy for crystallization show that the glass

formation tendency for the containerless LS2 melt

increased by a factor of 4–5 compared to an identical

melt in contact with a container. The absence of any

container-induced heterogeneous nuclei in the con-

tainerless melt at ESL is suspected to be the reason for

the increased glass formation tendency of this melt.
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