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ABSTRACT Crystallization in commercial spodumene glass-ceramic, Corningware® and
commercial fluosilicate glass-ceramic, Macor® were characterized by comparing with the
quench studies of in-house melted glasses using XRD and advanced microscopy techniques
(TEM). XRD, Energy Dispersive X-Ray Analysis (EDAX) and Selected Area Diffraction Pattern
(SADP) by TEM confirmed the crystallization of the f-spodumene s.s. with minor needle-like
rutile and also precipitation of cuboidal spinel in in-house spodumene glass-ceramics. The
techniques were also used in confirming crystallization in the in-house fluosilicate glass-
ceramics where different microstructure based on the early-formed fluorophlogopite crystals
were observed with minor cuboidal mullite present as compared to the commercial fluosilicate
glass-ceramics.
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INTRODUCTION

The importance of commercial silicate glass-ceramics can be seen based the projection of their
worldwide annual sales of exceeding USD600 million by 2011 (BCC Research, 2011). This
covers glass-ceramics used in cookware and tableware, architectural cladding and windows. The
combination of microstructure and intrinsic characteristics of the constituent phases determines
the properties of the glass-ceramics (Pinckney, 1991).

Corningware is an opaque glass-ceramic mainly used as tableware and cookware
manufactured by Corning Glass Works, USA. It is based on -spodumene solid solution. It is
highly crystalline material (about 93%). Corningware was the first f-spodumene s.s based glass-
ceramic developed by Stookey in 1959 to be marketed worldwide as kitchenwares. These
cookwares have a low CTE (7 x 10" K™*) making them very suitable to work in high temperature
fluctuations applications. While, Macor®, a commercial machinable glass-ceramic based on
internally-nucleated fluormica crystals in glass are used in applications requiring good
machinability and high strength (Beall, 1992).

Characterizations based on XRD and high resolution microscopy (TEM) were carried out
in order to understand the microstructural characteristics in the commercial glass-ceramics of
Macor and Corningware. Comparison to the in-house glasses based on the commercial
composition subjected to two step heat-treatment were made.
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EXPERIMENTAL PROCEDURES

Corningware and Macor were supplied by Corning Incorporated (New York) and their
commercial compositions were used as the basis for the in-house batches. Glass melting for in-
house Corningware glass was done at 1600°C for 6 h in a gas-fired furnace preheated to 1050°C
while melting of the in-house Macor glass composition was carried out using electric furnace at
1450°C for 4 h. The in-house Corningware glass and the in-house Macor glass were annealed at
650°C (1 hour) and 550°C (1 hour) respectively followed by cooling to room temperature.

A two step heat treatment based on the commercial regimes (Stookey, 1964) were carried
out for the in-house Corningware glass, which is heating up to 800°C and hold up for 1 hour and
increased to 1130°C and hold for 4 hours followed by cooling. While, the two-step heat
treatment on the in-house Macor glass was also conducted in which it was heated to 700°C and
held for 2 h before increasing to 950°C and holding for 4 h followed by cooling. The heating and
cooling rates in all cases were approximately 5°C/min.

The presence of crystal phases in the glass-ceramics were determined using X-ray
diffraction (XRD). Samples were crushed in a mortar using a pestle before sieving through a less
than 74 um mesh sieve. The XRD (PW1730/10 Phillips Holland) used CuKa radiation and was
operated at 50kV and 30 mA. Scanning was from 5 to 70° 20 with a step size of 0.02 and
scanning speed of 2°/min. Data analysis was performed using a computer running Sietronics
XRD Trace Processing Software (version 2.0, © Sietronics Pty. Ltd., Belconnen Australia) and
STOE WinXPOW software (version 1.06, © STOE & Cie GmbH, Hilpertstr. 10, D 64295,
Darmstadt). Table 1 lists the International Center for Diffraction Data (ICDD) cards used to
identify phases.

Crystal phase Crystal system | Space group JCPDS
[-spodumene Tetragonal P432,2 35-794
(LiAISi;0s)
Spinel (MgAl,O4) Cubic Fd3m 21-1152
Rutile (TiOy) Tetragonal P4,/mnm 21-1276
Fluorophlogopite Monoclinic C2/m 76-816
(KM93A|25i3010F2)
Mullite (3Al,05.2Si0;) | Orthorhombic Pbam 15-776
Magnesium fluoride Cubic Pa3 38-882
(MgF,)

Table 1: ICDD cards used in identification of crystal phases

Samples were prepared for microscopy using standard ceramographic cutting, grinding, and
polishing techniques. Transmission electron microscopy (TEM) was carried out on the Phillips
EMA420 unit fitted with a Link eXL EDS detector operated in bright-field (BF) imaging mode at
120 kV.
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RESULTS AND DISCUSSION

Figure 1 compares XRD from CorningWare and in-house Corningware glass-ceramic subjected
to two step heat-treatment (GCW22SHT) revealing that the phases in these two samples are
comparable as the dominant phase was f-spodumene s.s accompanied by minor rutile and spinel.
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Figure 1: XRD of GCW22SHT and commercial Corningware

Based on TEM, the microstructure of Corningware (Figure 2) contains equiaxed (~500 nm to 2
um) crystals of B-spodumene s.s. were the predominant phase along with needle-like crystals.

Figure 2: TEM of Corningware (a) bright-field image of B-spodumene matrix and additional
phases, (b) [010] indexed B-spodumene SADP at [010].

EDS analysis on B-spodumene s.s. crystals detected a high proportion of Al, Si and O (Li was
not detectable with the detector used) with minor Ti (Figure 3b). Ti might have arisen from the
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nanocrystals within the spodumene crystals. EDS on the needle-like crystals (Figure 3c)
detected a high proportion of Al, Si, O and Ti suggesting that the needle-like crystals are rutile
situated at grain boundary near the spodumene matrix.

Coun (x10
: {
2 B ” {
Si |
: bl |
g | I
I [
1 ' Eo
lo | [
1 If |
il \ ‘
i f , ‘
) [ ‘
1 I P
| |
ol [
i ‘ M
1 ‘
11 | |
Hiwm "‘1 Ti 1
{11 1
41 s | “ Cu ’» ‘
Vi
0 ST 1 —T f T |
2 4 6 8 10 |
Spodumene crystal (CorningWare)
Counts (x10%)
Lo IO
10
4 [
o cl|i |
8- |
.: |
1l s ‘
s |
1 A
R
[ 4 J 'J { |
‘ ‘ ‘;1
[ ] ;ii\ Ti
2| IJ ﬂ
”[M%' ) i
Y| [ Ti Cu
| W / \
| o ‘ T e a8 .
| 2 4 6 8 10
‘ Needle-like crystal (Cware) Range ”"‘”»

Figure 3: (a) Bright-field TEM image of CorningWare showing p-spodumene s.s, EDS spectra from
the (b) B-spodumene s.s crystal and (c) needle-like crystal indicating it is rutile.

Other nanocrystals were dispersed throughout the microstructure. These included cuboidal
crystals which EDS showed to contain a high proportion of Na, Mg, Al, Zn and O and small
amounts of Si (Figure 4b). The spheroidal crystals have a high proportion of Ti and O besides Al
and Si (Figure 4c). These spheroidal crystals are referred as TiO,-rich particles whereas the
cuboidal crystals are most likely to be complex spinels (based on MgAl,Oy).

Nordmann and Cheng (1997) suggested that the small precipitates within the grains of the
-spodumene were rutile (TiO) or Ti-rich particles which also has been reported by Chyung
(1969) and Versteeg and Kohlstedt (1994). Barry et. al. (1976) also suggested that these Ti-rich
particles were produced during growth of B-quartz s.s. before its conversion to f-spodumene s.s.
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Figure 4: TEM of Corningware (a) Bright-field image showing B-spodumene with cuboidal
and spheroidal crystals present and EDS spectra from (b) cuboidal crystals suggesting
they are spinel and (c) spheroidal crystals suggesting they are rutile.

The microstructure observed in GCW22SHT (Figure 5) was similar to the commercial
Corningware containing predominantly ~1 um B-spodumene grains along with needle-
like crystals of rutile heterogeneously precipitated throughout the microstructure. Some
odd-shaped 0.5-1.0 um crystals were observed (Figure 6). EDS analyses on these crystal
detected Na, Mg, Al, Si, Zn and O (Figure 6b) in similar proportion to the elements
detected in the cuboidal crystals suggesting they are spinel.

This cuboidal spinel (~0.5 to 1 um) is similar to the spinel which is found
crystallizing in illite clays (McConville and Lee, 2005). Random shaped spinels were
also observed in the in-house glass-ceramic having the same two step heat-treatment as
the commercial Corningware. The presence of cuboidal spinel was more obvious when
the in-house glass-ceramic undergoes heat-treatment at 1350°C. The large size of this
spinel potentially results from the higher fluidity of the liquid at the high temperature of
heat-treatment (McConville and Lee, 2005). TEM-EDS also confirm that the spinel
phase contains both Mg and Zn and so is a complex spinel composition of the sort seen
crystallising from impure clays.
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Figure 5: (a) Bright-field TEM image of GCW22SHT samples showing the B-spodumene
with the cuboidal and needle-like crystals, (b) indexed SADP of the spodumene at [010].
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Figure 6: (a) Bright-field TEM image of GCW22SHT samples showing the odd-shaped
and needle-like crystals, (b) EDS on the odd-shaped crystal and (c) indexed SADP of the
odd-shaped crystal likely to be spinel at [323].

XRD traces (Figure 7) from Macor and the in-house Macor glass-ceramic subjected to
two step heat-treatment GM22SHT (700°C for 2 h and 950°C for 4 h) revealing that the
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phases in these samples are comparable with fluorophlogopite as the dominant phase in
the presence of minor mullite and magnesium fluoride.
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Figure 7: XRD traces from commercial Macor and GM22SHT (700°C for 2h and 950°C
for 4h).

TEM analysis revealed the morphology of the minor phases in more detail including
elongated mullite crystals (1-3 um long) and the rounded and angular crystals of
magnesium fluoride (0.3-2 um in diameter).

Figure 8: Bright-field TEM image of Macor showing the crystal phases present. (F =
Fluorophlogopite, M = mullite, MF = Magnesium fluoride and G = Glass)

EDS analysis performed on the crystals and glass matrix (Figure 9c) showed
fluorophlogopite laths containing O, F, Mg, Al and Si with Cu contamination arising
from the sample holder (Figure 9c). Analysis of the spheroidal crystals of MgF, showed
a high proportion of F and Mg with small amounts of elements such as Si and K (Figure
9b). These trace elements may come from the surrounding glass matrix in the material.
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Figure 9: (a) Bright-field TEM image of Macor and EDS spectra from the (b) spheroidal
MgF, crystals and (c) fluorophlogopite laths.

EDS analysis on the cuboidal elongated mullite (Figure 10c) showed the presence of O,
Al, and Si plus Mg from neighbouring fluorophlogopite crystals. The cuboidal
morphology of mullite is commonly observed on firing clays and clay-derived ceramics
(e.g. McConville & Lee 2005, Lee & Igbal 2001, Igbal & Lee 1999).

Cuboidal shaped mullite is termed primary mullite and crystallises from pure
clays which have decomposed to a viscous aluminosilicate liquid. It is interesting to
note that the mullite in the in-house Macor glass was much more cuboidal (e.g. Fig 10c)
than that in the commercial Macor (e.g. Fig 8) suggesting that the matrix glass in the
latter was more fluid. This can arise either through increased alkali (or F) levels or
higher heat treatment temperatures (Lee et al., 2007)

Analysis on the bulk glass matrix (Figure 10d) detected O, Si, Al and K but in
analyses carried out adjacent to fluorophlogopite crystals, Mg tends also to be present.
Mg which is essential in building the fluorophlogopite crystals is absorbed from the
bulk glass and diffuses towards them. This explains the higher concentration of Mg in
the crystal and glass nearer to the laths. The same elements were also found from EDS
analysis on glass near the spheroidal MgF; crystals (Figure 10e).
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Figure 10: (a) and (b) Bright-field (BF) TEM images of Macor and EDS spectra from c¢) cuboidal
mullite crystals, (d) the glass matrix near fluorophlogopite laths and (e) the glass matrix near
spheroidal MgF, crystals.
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The microstructure in Macor is predominantly made up of the fluorophlogopite laths (Figure 11).
The minor crystals in Macor were often cuboidal mullite (Figure 12) with its SADP taken at
[110] zone axis and the spheroidal magnesium fluoride (Figure 13) with its SADP taken at [001].
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Figure 11: (a) Bright-field TEM image of Macor showing fluorophlogopite crystals among
spheroidal crystals of magnesium fluoride and cuboidal mullite crystals and (b) indexed selected
area diffraction pattern (SADP) of fluorophlogopite at [020].

Figure 12: (a) Bright-field TEM image of Macor showing cuboidal crystal of mullite and (b)
indexed SADP of the mullite at [110].
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Figure 13: (a) Bright-field TEM image of Macor showing the spheroidal crystal of magnesium
fluoride and (b) indexed SADP of the magnesium fluoride at [001].

TEM reveals that the microstructure of GM22SHT is mainly early-formed fluorophlogopite
crystals (Figure 14). In addition, cuboidal mullite was also observed (Figure 15). EDS analysis
was carried out on the early-formed crystals and the proportions of elements are exactly the same
as in the fluorophlogopite laths.

Figure 14 a and b: Bright-field TEM image of the early-formed fluorophlogopite crystals in
GM22SHT.
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Figure 15: (a) Bright-field TEM image of mullite crystal in GM22SHT (b) indexed SADP of mullite
at [001].

CONCLUSION

The techniques used XRD, TEM-EDS and SADP managed to confirm and explain the
microstructural characteristics in the commercial silicate glass-ceramics. In commercial
Corningware, B-spodumene s.s. are the main crystal phase. Minor needle-like rutile and cuboidal
spinel were also detected precipitating at grain boundaries. Titania-rich precipitates were also
observed within the B-spodumene crystal. These crystal morphologies were similar to the in-
house Corningware glass-ceramic which had undergone a two-step heat-treatment but with
appearance of odd-shaped crystals suggested to be cuboidal spinel.

Commercial Macor consisted of fluorophlogopite as the main crystal phase with minor
cuboidal mullite and spheroidal magnesium fluoride. The fluorophlogopite laths interlocked with
each other but were surrounded by glassy phase. In-house Macor glass-ceramics which had
undergone the two step heat-treatment had a different microstructure based on the early-formed
fluorophlogopite crystals.
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