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Glass-ceramics based on the naturally occurring quadruple chain silicate, canasite (NasKs-
CasSi2030Fy), have been produced. The phase evolution of these materials has been
investigated using differential thermal analysis (DTA), X-ray diffraction (XRD), and scanning
and transmission electron microscopy (SEM and TEM). Two sequences of nucleation and
growth have been identified. When CaF; crystals are present prior to the formation of the
chain silicate phases, canasite and frankamenite (a fluorine-rich form of canasite) are the
major crystalline phases at (>750 °C) along with minor phases of xonotlite and cristobalite
depending on temperature. If CaF; forms, frankamenite is the major crystalline phase
between 750 and 850 °C but is replaced by xonotlite at >850 °C. It is postulated therefore
that the presence of CaF; crystals is a prerequisite for the formation of true canasite glass-

ceramics.

1. Introduction

The canasite mineral was discovered in Khibin,
Russia, and was described by Dorfman et al. in 1959,3
with a subsequent paper in 1960.* Chiragov et al.®
confirmed the original X-ray data of Dorfman et al.3*
and defined the chemical formula as CasNasKs[Si12030]-
(OH,F)4. The crystal structure was described as being
based on four wollastonite chains, linked together to
form a tubular unit running along the b-axis. These
tubes are connected to edge-shared Na(O,F)s (primarily)
and Ca(O,F)¢ octahedra.l? Rozhdestvenskaya et al.®
reported that the Si—O—Si angles in the chains are very
similar to those in pectolite.

The four wollastonite chains can also be viewed as
two xonotlite chains. Xonotlite Cag[SigO17]1(OH)s is a rare
mineral formed in hyper-alkaline, hydrothermal envi-
ronments.” The crystals of xonotlite are needlelike in
morphology and have a high aspect ratio.® It is a double
chain silicate in which the chains (comparable to those
in wollastonite) run parallel to the b-axis.”? It is
monoclinic with a P2/a space group.
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More recently, Nikishova et al.l? reported a fluorine
analogue of canasite found in Yakutia which they
analyzed using X-ray and electron diffraction. They
concluded that canasite in Yakutia was structurally
different from that found in Khibin. In 1996, the
Commission on New Minerals and Mineral Names of
the International Mineralogical Association changed the
nomenclature of the Yukutian canasite to franka-
menite,!! despite this compound being reported as
canasite-A in the JCPDS database. The main difference
is that frankamenite is triclinic, has excess free water,
and F is dominant over OH as compared to monoclinic
canasite. This leads to changes in the ordering of Ca
and Na cations within the structure.!! X-ray powder
patterns of canasite and frankamenite are similar,
except that there are 12 weak reflections in the high
20 region for frankamenite absent in canasite.

Although several groups have studied glass-ceramics
based on canasite, to date, none of the work published
on synthesized canasites, including Beall,1212-14 Oguma
et al.,’? Likitvanichkul and Lacourse,'® Anusavice and
Zhang,1"18 Zhang and Anusavice,'® and Johnson et
al.,20-21 discusses frankamenite or canasite-A (CA). The
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Table 1. Glass Batch Compositions (mol %)
Si0q CaO NasO KyO CaFy; AlOs

CANA1 62.00 12.80 9.50  5.60 8.80 1.30
CANA2 60.00 15.00 10.00 5.00 10.00 0.00
CANA3 6346 15.87 4.80 529 10.58 0.00
CANA4 6162 19.18 3.80 5.13 10.27 0.00

exception is Miller et al.,2223 who found that the XRD
traces obtained from materials based on compositions
developed by Bealll2 crystallize to a mixture of canasite
and canasite-A (frankamenite). As a consequence of this
confusion, the properties (e.g., fracture toughness, du-
rability, and bend strength) of the respective phases
have become obscured. Rozhdestvenskaya et al.!! have
commented that water molecules contained in the
frankamenite silicate chains act to reduce the intensity
of the ion charge, resulting in weakening of the struc-
ture. Moreover, in frankamenite, F~ is dominant over
OH-, which according to Rozhdestvenskaya et al.ll
further weakens the crystal lattice. On the other hand,
the OH™ groups in canasite stabilize the structure via
hydrogen bonding between the octahedra and silica
chains.

In a recent article, Miller et al.2? identified several
canasite compositions modified from the stoichiometric
formula, NasKoCasSi2030F 4,12 by adding either P2Os
or altering the molar ratios of NasO and CaO. The
modified compositions were bioactive in simulated body
fluid, whereas a Corning reference material optimized
principally for strength and containing AlsO3 was bio-
inert. The phase evolution in P20Os-doped canasite
compositions will be dealt with in a separate article.
Here, the phase evolution of the NayO and CaO modified
compositions is investigated.

2. Experimental Procedure

2.1. Preparation of Glass-Ceramics. Standard laboratory
reagent (SLR, Fisher scientific) grade CaCO; (Ca0), NayCOs
(Nag0), KoCO3 (K20), and CaFy along with Loch Aline sand
(99.8% Si02) were used to produce the glass batches listed in
Table 1, the exception being CANA 1 which was provided by
Corning Inc., USA. Compositions were melted for 2.5—3 h at
1350—1450 °C using an electric furnace in a Pt 2% Rh crucible
and were stirred to encourage homogeneity. The use of
uncovered crucibles or long melting times leads to volatiliza-
tion of fluorine as SiFy and NaF during melting.'® For this
reason, glass melting times were kept as short as possible. The
glasses were poured onto warmed steel plates either in boule
or in disk form. If there was a likelihood of crystallization, a
small amount of the glass was also quenched between two
metal plates. To relieve internal stresses, as-cast glasses were
annealed in a muffle furnace for 1 h at 420—480 °C, and then
cooled at 1 °C min~! to room temperature.

2.2. Characterization. Differential thermal analysis (DTA)
was used to determine the glass transition (7%) and crystal-
lization temperatures (T.). A Perkin-Elmer DTA 7 with a high-
temperature platinum wound furnace was used to heat 10 mg
of crushed as-cast glass (~10 um) in an Ar atmosphere at a
10 °C min~! heating rate. The same weight of calcined Al;O3
was used as a reference.

Powder X-ray diffraction (XRD) was used to identify crystal-
line phases in the materials before and after heat treatment.
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Powder samples were prepared from bulk material by crushing
in a percussion mortar. A Philips diffractometer (Eindhoven,
Holland) was used with Cu Ka radiation, and spectra were
obtained from 10° to 70° 20, at a step size of 0.02° and at a
scanning speed of 2° min~!. Data were analyzed using STOE
WinXPOW search and match software (version 2.0, STOE &
Cie GmbH, Hilpertstrasse 10, D 64295, Darmstadt).

Thin sections for transmission optical microscopy were
prepared by cutting a slice (cross section of ~1 ¢cm?) from the
bulk material. One side was ground flat using a coarse
diamond impregnated grinding wheel. Further grinding was
carried out with silicon carbide paper from 120, down to 1200
grade. The samples were polished on a rotating wheel using 6
um followed by 1 um diamond paste. The samples were
mounted on glass slides (polished side down) with thermo-
plastic wax (AGr Scientific) and ground to a thickness of 30
um. A cover slip was placed over the ground surface using
Canada Balsam (Fisher Scientific) as an adhesive. The thin
sections were examined under cross-polar conditions using a
Polyvar transmitted light microscope.

Fractured and chemically etched samples were examined
using scanning electron microscopy (SEM). Fracture surfaces
were mounted on an Al Stub using silver dag and gold coated
using an Emscope sputtering unit. Etched samples were
prepared by grinding and polishing small blocks (1 ¢cm?) to a
1 um finish, followed by etching in 10 vol % HF for 15 s.
Samples were subsequently mounted on Al stubs with silver
dag and gold coated. Samples were examined using either a
Camscan series II or a JEOL 6400 SEM operating at 20 kV
and at working distances of 25 and 15 mm, respectively. Both
microscopes were equipped with LINK energy-dispersive X-ray
detectors and ancillary electronics and software used to
perform qualitative chemical analysis.

Samples for transmission electron microscopy (TEM) were
prepared by mounting thin slices (1 mm x 1 ¢m?) on a glass
slide using a heat-sensitive resin and grinding on both sides
to <30 um. A 3 mm Cu ring of internal diameter 1000 um was
then glued onto the sample using epoxy resin. The samples
were removed from the slide, and excess material around the
edge of the Cu ring was chipped away using a scalpel. Ion beam
milling was carried on a Gatan dual mill (Pleasanton, USA)
operating at 6 kV with a total beam current of 0.6 4A and at
a 15° angle of incidence. Samples were thinned until perfora-
tion and then carbon coated using an Edward’s Speedivac
(Crawley, UK) evaporation unit. Philips EM 400 and 420
(Einhoven, Holland) and JEOL JEM3010 UHR (Tokyo, Japan)
transmission electron microscopes operating at accelerating
voltages of 100, 120, and 300 kV, respectively, were used to
analyze the samples. All microscopes were equipped with Link
energy-dispersive X-ray detectors (EDS) and Oxford Instru-
ments hardware and software to obtain qualitative chemical
analyses. Electron diffraction patterns were indexed by com-
paring experimental patterns to those simulated using Carine
(version 3.1) software.

3. Results and Discussion

Table 1 lists the as-batched composition of the ma-
terials investigated. All compositions formed a clear
glass on pouring. Figure 1 shows the DTA traces
obtained from as-cast glass powder. The glass transition
temperatures (T,) and crystallization temperatures (7¢)
are indicated, Table 2.

The T, for CANA 1 was 517 °C, about 30 °C higher
than that for the stoichiometric composition (CANA 2,
Ty~ 490 °C). However, CANA 1 contains Al>Os, a highly
refractory oxide, which immobilizes alkali ions and
hence increases durability. Its presence in a glass is
often associated with an increase in T,.2* Moreover,

(24) Paul, A. Chemistry of Glasses; Chapman and Hall: London,
1990.
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Figure 1. DTA traces obtained from “as-cast” glass samples.

Table 2. Glass Transition and Crystallization

Temperatures
T, (°C) crystallization peaks (°C)
CANA 1 517 674 (B)® 764 (B) 806
CANA 2 492 725 890 (B)
CANA 3 492 614 686 782
CANA 4 556 719 778 883

2 (B) indicates a broad peak.

CANA 1 contains less network modifying ions as
compared to CANA 2. The T, for CANA 3 was the same
as that for the stoichiometric composition (492 °C).
CANA 4 had 1 mol % less NasO than CANA 3 in
addition to having significantly more CaO than the
other compositions. The higher T, of 556 °C may be
attributed to the reduction in monovalent ions and in
turn a reduction in nonbridging oxygens. Also, the
adverse effect of alkalis on the durability of glass can
be counteracted by the addition of divalent network
modifiers, especially CaO, which enhances chemical
durability. The optimum amount of CaO is thought to
be about 10 mol %.2* However, it has been shown that
high lime glasses containing 20 mol % CaO can have
good durability provided the soda content is low (5 mol
%)‘25

Beall!? proposed that the formation of canasite occurs
initially through the crystallization of CaFs crystals at
temperatures in the range of 550—650 °C, which act as
heterogeneous nucleating sites for canasite laths (650—
950 °C). The validity of this hypothesis is investigated
for the compositions shown in Table 1.

The XRD patterns obtained from the isothermal holds
for CANA 1 are shown in Figure 2. At temperatures
between 550 and 650 °C, the samples become translu-
cent due to the nucleation of CaFsy crystallites. This
probably corresponds to the peak at 674 °C in the
corresponding DTA trace in Figure 1. Figure 3 is a TEM
micrograph showing several CaFy (0.2 um) crystals in
CANA 1 heat-treated at 650 °C. The insets are (1110
and (110Cklectron diffraction patterns obtained from the
precipitates, confirming the presence of fluorite. By 700
°C, CANA 1 became opaque due to an increase in the

(25) Rawson, H. Inorganic Glass-Forming Systems; Academic
Press: London, 1967.

Miller et al.

Intensity
~
%
S

. _x *

e |

10 20 30 40 50 60
degrees 26

Figure 2. XRD series for CANA 1, heat-treated at different
isotherms for 2 h, where x represents calcium fluoride, O
represents frankamenite (CA), B represents canasite, < rep-
resents silica, and Vv represents xonotlite.

Figure 3. Bright field TEM image of CANA 1 heat-treated
at 600 °C/2 h showing crystals of CaFs. Inset shows diffraction
patterns obtained from the FCC crystals. Arching of the spots
suggests that the CaFy crystals are composed of small crys-
tallites with similar orientations.

degree of crystallinity. Although CANA 1 was provided
by Corning Inc., the XRD patterns of the crystalline
material did not exactly match the JCPDS data file for
canasite [13-0553]. Rather, a mix of canasite and
frankamenite (canasite-A) [45-1398] was present, pos-
sibly with a minor phase of low-temperature quartz
[JCPDS 11-252]. Bealll2 also suggested that the peaks
did not match perfectly with canasite, stating that “the
traces were very similar to those of the naturally
occurring minerals” but was unaware of frankamenite
which was an unknown mineral in 1983. The phases
present in Figure 2 (700 °C) are all silicate-based with
similar d spacings. It is proposed therefore that there
may be competition between the phases during nucle-
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ation and growth. This may be enhanced by composi-
tional inhomogeneity of the as-cast material, possibly
arising from variation in the F concentration due to
surface volatilization during melting or by the formation
of a F-rich phase (CaFy9) prior to nucleation of the chain
silicate compound. It should be noted that the naturally
occurring mineral phase of canasite, from which the
JCPDS data is based, contains OH™ rather than F~
groups. In contrast, the mineral frankemenite contains
both OH~ and F~ species with an additional water
molecule. However, it is assumed that the chain silicate
compounds in the glass-ceramics studied here are
principally the fluorinated rather than hydroxy forms
of both minerals because ~10 mol % CaF' is present in
the original glass batch.

Because the structures of canasite and frankamenite
are similar, certain d spacings and therefore angles
appear in both mineral XRD spectra, such as those at
27.0°, 28.6°, 30.6°, 38.2°, and 38.9° 26. Fortunately, a
few peaks are specific to individual phases, 25.3°, 32.2°,
33.3°, 37.8°, and 43.4° 26 for canasite and 10.1°, 21.1°,
and 29.5° 26 for frankamenite. Peaks that correspond
to both minerals are labeled with a double symbol; the
uppermost symbols represent the most likely phase, as
determined by comparing the peak relative intensities
and the presence of distinctive peaks. The match for
frankamenite (JCPDS 45-1398) is extremely good, with
an error of only 0.05° 20 (CANA 2 at 750 °C). Neverthe-
less, peaks that have been assigned solely to canasite
and many of the peaks assigned to both canasite and
frankamenite have a —0.34° 26 error (CANA 1 at 700
°C) with respect to the angles stated for canasite
(JCPDS 13-553). This error could be due to the quality
of the JCPDS data. Card 13-553 has no quality rating,
and there is an uncertainty about the accuracy of the
data. In addition, the intensities have been obtained
visually and the values have been rounded to the
nearest 10. The frankamenite card [45-1398] is rated
“I” (indexed), which, although not a star (*) rating, is
better than no rating at all.

In a 1983 U.S. patent,! Beall stated that the predomi-
nant crystalline phases in his formulations were cana-
site and/or agrellite, NayCasSigO20Fs and/or fedorite,
(K,Na)g 5(Ca,Na)7Si16035(OH,F)2H20. In addition to ca-
nasite and frankamenite, the X-ray patterns in this
work have been examined for the presence of these
minerals. No evidence was found for agrellite (JCPDS
29-1188), and, although some d spacings were coincident
with those of fedorite (JCPDS 19-0466), especially at
low 260 angles, such as those at 14.8°, 19.0°, 20.6°, and
21.1° 26, these peaks could also be assigned to franka-
menite. In addition, these peaks were found in speci-
mens where the major crystalline phase was undoubt-
edly frankamenite and the 100% and 90% peaks (30.5
and 49.90° 26) of fedorite were absent. Hence, it was
concluded that fedorite was not present. Nevertheless,
the determination of the exact crystalline phase or
phases is extremely difficult, especially when the miner-
als being investigated have oxide and fluoride compo-
nents in similar ratios, such as those of canasite,
frankamenite (CA), fedorite, xonotlite, and miserite.

In XRD spectra obtained from isothermal holds above
700 °C, the shape of the peaks assigned to canasite also
varies in CANA 1 (Figure 2). At 700 °C, the main
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Figure 4. Bright field TEM image of CANA 1 heat-treated
at 520 °C/2 h followed by 800 °C/2 h showing laths of canasite.

canasite peak at 28.7° 26 is sharp, and there is a double
peak at 37.9/38.3° 20 (canasite/canasite and franka-
menite). However, at temperatures in the range of 750—
900 °C, the 100% canasite peak (28.5° 26) has broadened
and reduced in intensity. Other peaks assigned exclu-
sively to canasite (e.g., 33.3° 20) have also weakened,
and the canasite shoulder (37.8° 26) of the double peak
is no longer resolvable (Figure 2). In contrast, the peaks
ascribed to frankamenite remain virtually constant with
respect to position and intensity throughout the tem-
perature range. There are several possible explanations.
First, the change in shape could be due to a change in
the molar ratio of ions in the canasite phase, which
depends on the exact temperature of heat-treatment. A
more plausible reason is that the frankamenite phase
becomes more dominant with increasing heat-treatment
temperature; that is, at 700 °C the ratio of the peaks at
28.5° and 30.6° 26 indicates that canasite is dominant
but by 900 °C the ratio is reversed suggesting that
frankamenite is now predominant. Hence, the peak at
28.7° 20 becomes broader as the frankamenite 19% peak
at 28.9° 20 becomes more intense and the lower inten-
sity canasite peaks, for example, 32.2°, 33.3°, and 37.9°
20 fade.

The DTA trace for CANA 1 (Figure 1) showed a broad
peak at 674 °C, followed by a shoulder at 764 °C and
major peak at 806 °C. It is proposed that the first peak
is due to growth of fluorite crystals (674 °C), and the
second and third peaks are attributed to the crystal-
lization of canasite (on the fluorite crystallites, as
proposed in 1983 by Beall! and frankamenite, respec-
tively).

Figure 4 is a bright field (BF) TEM image of CANA
1, which has been heat-treated at 520 °C/2 h and 800
°C/2 h. The microstructure is composed of laths 0.1—
0.5 ym in width and 1-2 um in length. In Beall’s
work,1:2:13.14 these laths have been uniformly ascribed
to the canasite phase. However, the XRD data presented
here for samples heat-treated above 700 °C cast doubt
on this interpretation. More likely, the laths are a mix
of canasite and frankamenite. Electron diffraction pat-
terns from the laths are shown in Figure 5, but these
have not been indexed as it was impossible to distin-
guish directly between the phases as the structures all
have large d spacings and low symmetry, that is,
monoclinic (canasite) and triclinic (frankamenite). Dis-
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800 °C/2 h as shown in Figure 4.

tinguishing between zone axes, therefore, becomes an
almost impossible task without more accurate ionic
positions and lattice parameters for the canasite and
frankamenite phases so that simulations may be per-
formed.

On heat-treating at 950 °C, phases other than cana-
site, frankamenite, and quartz were observed. Ad-
ditional peaks at 24.8°, 27.7°, 35.7°, and 45.1° 260 were
detected, the small frankamenite peak at 32.3° 26 split
in two (32.1° and 32.7° 26) and the intensity of the
frankamenite peak at 24.3° 20 increased. These new
peaks matched the d spacing of a calcium silicate phase,
xonotlite (CagSigO17(OH)s: JCPDS 23-125). In the case
of CANA 1 at 950 °C, all of the xonotlite peaks greater
than 20% have been accounted for. However, there is
some overlap with existing peaks such as those at 29.9°
and 46.6° 20. Unfortunately, the d spacing of 3.080 A
(28.97° 20) equates to the 100% peak for xonotlite and
canasite and the 19% peak for frankamenite. This
overlapping is inevitable, as the three phases (canasite,
frankamenite, and xonotlite) present in CANA 1 at 950
°C are calcium silicates with comparable structures and
d spacings, dictated by the chainlike configuration of
their tetrahedral building units. The canasite (hence
frankamenite) structure has even been described as two
xonotlite® or pectolite® chains joined together. Scott26
also noted that the chains in miserite are similar to
those of pectolite, but this phase was not detected in
XRD traces.

The crystallization behavior of even “well-character-
ized” canasite glass-ceramics developed by Beall is
complex with competition between at least three silicate
phases as temperature increases. The previous section
describes the general trends that occur in the phase
evolution as a function of temperature, but some details
remain unresolved. For example, the shoulder of the
double peak at 38° 20 indexed to canasite, which is
present at 700 °C, disappears at 800 °C, but reappears
at 950 °C, indicating that the solid solution of canasite
at 950 °C is similar to that at 700 °C. From analyses of
all XRD traces, it seems only the peaks labeled as
canasite change in appearance, whereas those associ-
ated with frankamenite do not. It is suggested therefore
that the composition of frankamenite remains virtually
constant with temperature and from glass to glass,
whereas the canasite phase varies in composition which
may be a result of the inherent solid solution behavior
of the canasite phase.l?

Although heat-treatments have been carried out at
50 °C intervals between 500 and 950 °C, for the

(26) Scott, J. D. Can. Mineral. 1976, 14, 31.
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Figure 6. XRD series for CANA 2, heat-treated at different
isotherms for 2 h, where O represents frankamenite (CA), B
represents canasite, and Vv represents xonotlite.

remaining series only XRD traces from samples heat-
treated at temperatures, which show changes in the
phase assemblage, are shown and discussed.

Glass CANA 2 has the stoichiometric canasite com-
position, as proposed by Beall.! For heat-treatment
temperatures up to 650 °C, the glass sample remained
clear and XRD traces showed an amorphous structure
(Figure 6), confirming that no crystallization had oc-
curred. The major (first) crystallization peak for CANA
2 on the DTA is at 725 °C, and samples heat-treated at
700 °C displayed peaks in the XRD spectra. These peaks
increased in intensity when samples were heat-treated
at 800 °C and the majority of peaks matched well with
those of frankamenite (JCPDS 45-1398), with a very
small error of £0.05° 26. Exceptions were found at 28.6°,
33.3°, and 37.8° 20. These peaks correspond to canasite
(JCPDS 13-0553), and when the error factor of 0.34° 20
from section 4.3.1 is added, they compare extremely well
with peaks observed in CANA 1. Although some cana-
site peaks are undoubtedly present, the actual amount
is minor as many peaks are absent or weak, including
the 100% peak at 29.0° 26. Hence, up to and including
800 °C, CANA 2 is mainly composed of frankamenite,
which forms without the presence of CaFy crystals,
suggesting the possibility that homogeneous nucleation
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#4110 um

Figure 7. Optical micrograph of heat-treated CANA 2 show-
ing frankamenite spherulites.

may have occurred. Moreover, samples heat-treated
between 700 and 800 °C sagged. This was probably due
to an insufficient density of nuclei/crystallites within the
glassy matrix that would normally stiffen the specimen
and prevent sagging.

The DTA trace of CANA 2 exhibits a broad peak with
its onset at approximately 850 °C, which is coincident
with significant changes in the XRD traces obtained
from samples heat treated at 800 and 850 °C. As
compared to 800 °C, the trace at 850 °C showed a
decrease in intensity of all frankamenite peaks; more-
over, the samples did not deform during heat-treatment.
Initially, it was thought that the intensity of the
canasite peaks had increased, but the 100% peak was
at 29.0° 20, whereas for canasite it is expected at 28.6°
260. Another unexplained shift was also apparent; a
canasite peak should be present at 33.3° 20, whereas
in the 850 °C sample it occurred at 33.8° 26. At first, it
was thought this could be explained by solid solution
effects, but other canasite peaks that were present at
750—800 °C (22.4° and 37.8° 20) were no longer resolv-
able. Moreover, new peaks appeared at 27.7°, 32.1°,
32.7°, and 45.1° 260. The simplest explanation for the
observed diffraction data is the crystallization of a
xonotlite phase.

The appearance of xonotlite and the dominance of
frankamenite over canasite at higher temperature in
CANA 2 is a phase evolution similar to that in described
in CANA 1. The difference here is that canasite is
always a minor phase, and not present above 850 °C. It
has been proposed by Bealll2 that canasite nucleates
on fluorite crystallites. Therefore, according to Beall,!-2
it may be concluded that canasite is absent in CANA 2
because CaFq is absent; that is, canasite will only
nucleate heterogeneously from the glass matrix on CaFy,
whereas frankamenite appears to nucleate homoge-
neously. Consequently, at higher temperatures in CANA
2, frankamenite dominates followed by the crystalliza-
tion of xonotlite.

Transmission optical microscopy obtained from a
sample heat-treated at 520 °C/2 h and 800 °C/2 revealed
large spherulites (20—30 um) of frankamenite in which
striations (laths) (10—15 um) were observed (Figure 7).
Figure 8 shows a SEM micrograph of a fracture surface
of the same material. The laths formed in CANA 2 were
large as compared to those observed in Corning canasite
(CANA 1) (2—3 um). The larger laths may have arisen
because a low number of nuclei were formed and
frankamenite was able to crystallize without competi-
tion from other phases.
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Figure 8. SEM micrograph of heat-treated CANA 2 showing
frankamenite spherulites.

In CANA 1 (provided by Corning Inc.), both canasite
and frankamenite compete during crystallization at
~800 °C. From the above data, it is suggested that
canasite is favored in regions where CaFy crystallites
are present and frankamenite homogeneously nucleates
in the bulk away form these crystallites. As the two
phases grow, the residual glass composition will vary
from point to point depending on whether it is adjacent
to canasite or frankamenite. In effect, this inhibits
further crystal growth because distances for the correct
ions to diffuse to the crystal growth front become longer.
In CANA 2 at <850 °C, this situation does not occur as
frankamenite is the single major crystalline phase. The
presence of a dominant crystal phase growing without
competition gives rise to a coarse, large grained micro-
structure and results in poor mechanical properties, as
evidenced by the crumbling of CANA 2 during polishing.
However, this was not the case for CANA 2 heat-treated
at or above 850 °C. At this temperature, there is once
again competition between phases during crystal growth,
in this case between frankamenite and xonotlite rather
than frankamenite and canasite, and samples may be
polished and machined without crumbling.

CANA 3 was prepared with 4.8 mol % rather than 10
mol % NayO. Figure 9 shows the XRD traces for as-cast
CANA 3, isothermally heat-treated at different temper-
atures for 2 h. CANA 3 poured clear and was found to
be fully amorphous by XRD in the as-cast state, and,
like CANA 1, the first crystalline phase to appear was
CaFsy at 550 °C. After heat-treatment at 700 °C, the
specimen became translucent. CaFy peaks were still
present, but new peaks had appeared that could be
indexed according to a mixed phase assemblage of
canasite and frankamenite. Minor peaks of xonotlite
were also present.

Heat-treating CANA 3 at 800 °C resulted in an
opaque sample. The canasite, frankamenite, and xonot-
lite peaks increased in intensity, but CaFs peaks were
no longer resolvable. At 900 °C, the relative intensity
of the xonotlite peaks decreased, becoming only a minor
phase, similar to the Corning material (CANA 1).
However, new peaks at 21.9° and 35.7° 260 were observed
which were indexed according to cristobalite [JCPDS
27-605]. Although these new peaks shifted slightly to
22.1° and 36.2° 26 at 950 °C, they could still be indexed
as cristobalite [JCPDS 39-1425], which was never
observed in CANA 1.

The DTA trace for CANA 3 shows three broad
exotherms at ~614, 686, and 782 °C. It is difficult to
interpret exactly the crystallization sequence, but from
the XRD data, the likely crystallization sequence is the
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Figure 9. XRD series for CANA 3, heat-treated at different
isotherms for 2 h, where x represents calcium fluoride, v
represents xonotlite, O represents frankamenite (canasite-A),
M represents canasite, and < represents a silica phase.

formation of CaFy between 550 and 650 °C, the nucle-
ation of canasite/frankamenite simultaneously observed
at 700 °C in XRD traces, followed by xonotlite, which
more than doubles in relative intensity between 700 and
800 °C, although this latter exotherm could be due to
cristobalite. The formation of the dominant phases,
canasite/frankamenite, at approximately the same tem-
perature is responsible for the strongest most intense
exotherm at 686 °C.

In previous compositions, xonotlite was not formed
until higher temperatures, that is, 850 and 950 °C for
CANA 2 and CANA 1, respectively. The crystallization
sequence of CANA 3 is similar to CANA 1, that is, at
800 °C, xonotlite, canasite, and frankamenite were all
present. Furthermore, CaFq crystals formed at low
temperatures. On the other hand, CANA 2 crystallized
to either frankamenite (with minor canasite peaks) at
lower temperatures (e.g., 750 °C) or frankamenite and
xonotlite at higher temperatures (e.g., 850 °C).

CANA 4 was fabricated with excess CaO with respect
to the stoichiometric starting composition, which was
compensated by a decrease in the NasO concentration.
From the DTA trace obtained, T occurred at 556 °C
and crystallization exotherms were present at 719, 778,
and 883 °C. Figure 10 shows the XRD series for as-cast
CANA 4 and samples heat-treated for 2 h at different
isotherms.

The composition formed CaFy crystallites at 650 °C
corresponding to a DTA exotherm at ~720 °C. As in
CANA 3 at 700 °C, fluorite, canasite/frankamenite, and
xonotlite were all present in the XRD traces. The onset
of crystallization of these phases is responsible for the
most intense broad exotherm at 778 °C in the DTA
trace. The relative intensities of the xonotlite peaks
were greater in CANA 4 than in CANA 3, but it is
difficult to distinguish whether canasite or franka-
menite was dominant at this temperature.
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Figure 10. XRD series for CANA 4, heat-treated at different
isotherms for 2 h, where x represents calcium fluoride, v
represents xonotlite, O represents frankamenite (canasite-A),
M represents canasite, and < represents a silica phase.

Samples heat-treated at 750 and 800 °C were opaque
in appearance but sagged, suggesting that there was
an insufficient degree of crytallinity to stiffen the glassy
matrix. The corresponding XRD traces revealed the
presence of canasite and frankamenite. CaFg, however,
was absent, but minor peaks consistent with quartz
could be observed. Above 900 °C, new peaks could be
indexed according to cristobalite (thought to be respon-
sible for DTA peaks >880 °C), similar to CANA 3.

4, Summary

From the data presented, phase evolution in these
compositions is complex and not fully understood.
However, some generalizations can be made. There are
basically two sequences of nucleation and growth de-
pendent on whether the formation of CaFs is the first
crystallization event. When CaFq crystals are present,
as in CANA 1, 3, and 4, canasite and frankamenite are
always the major crystalline phases in samples heat-
treated between 750 and 950 °C. The existence of
accompanying minor phases depends on both the heat-
treatment temperature and the composition. For ex-
ample, XRD traces from CANA 1 exhibited weak
xonotlite peaks at 950 °C. On the other hand, CANA 3
and CANA 4 formed xonotlite with canasite and franka-
menite at 700 °C and contained cristobalite at =900 °C.

A different crystallization sequence was demonstrated
by CANA 2, which did not nucleate CaFy, and franka-
menite was the major crystalline phase (750/800 °C).
Only small canasite peaks could be observed in XRD
traces at 750 °C. Above 800 °C, canasite was no longer
present, but xonotlite appeared. Although canasite may
be able to form without the prior nucleation of CaFy, it
is unstable at higher temperatures where xonotlite is
favored.
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Generally, it seems that frankamenite will coexist
with either canasite or xonotlite, whereas the latter two
phases compete directly. The result is that glass-
ceramics contain either frankamenite and xonotlite
(CANA 2) or frankamenite and canasite as the major
phases (CANA 1, 3, and 4) at heat-treatment temper-
atures =700 °C.

Although many discrepancies in the phase evolution
of canasite-based glass-ceramics are explained in this
study, some issues clearly remain unresolved. The most
important of these is whether frankamenite crystallizes
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homogeneously without a prior nucleating phase. The
XRD data suggest this to be the case because it is the
first phase to form in CANA 2, but there is always the
possibility that frankamenite nucleates on a low volume
fraction of nanocrystals whose size and volume fraction
are below the detection limit of XRD.
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