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Abstract

Cordierite-anorthite phases were crystallized from modified basalt-based glasses by adding calculated amounts of reducing agent, TiO,, kaolin
and F~ ions in the form of Li, Mg and Al fluorides as nucleated agents. DTA, XRD and SEM were performed to study the crystallization of these
glasses. It was noticed that, AlF; greatly encourage the formation of anorthite and has an opposite effect on spinel crystallization. The presence of
MgF, decreases the onset of crystallization and enhance cordierite polymorphs and anorthite while LiF stimulates the crystallization of anorthite,
B-quartz solid solutions (ss) and minor spinel. Sequence of crystallization is dependent on heat treatment parameters and type of fluorides added.
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1. Introduction

The relatively high refractoriness and thermal stability, low
coefficient of thermal expansion and excellent resistance to
thermal chock as well as the high volume receptivity and low
dielectric constants are some of the outstanding properties which
have made cordierite (2MgO-2A1,03-5Si0;) an industrial mate-
rial. Several investigations have already been made to produce it
via a glass-ceramic process.' Almost all these investigations
used high purity chemical reagents or at least pure processed
raw materials such as kaolin, magnesite and quartz sand as the
starting batch materials.

From the commercial exploitation point of view of cordierite
glass-ceramic, the main difficulty lies in the high viscosity and
high melting temperatures of its ternary stoichiometric glass
composition. Even in the presence of TiO, which acts as a nucle-
ating agent and also facilitates melting, volume crystallization
is not easily achieved.

However, it has been reported®® that: (a) the melting tem-
perature and crystallization temperature can be substantially
reduced in presence of CaO; (b) iron cordierite Fe, Al4SisO1g
is well-known as a natural mineral occurring in different meta-
morphic rocks, and so Fe?* can isomorphously substitute Mg>*
ions in pure cordierite Mgy Al4SisO1g giving rise to cordierite
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ss; (c) anorthite, CaAl>SipOg, is the only lime-bearing phase
compatible with cordierite; and (d) TiO, is the most effective
nucleation catalyst for cordierite crystallization.

The present work aims at crystallizing cordierite from impure
multi-component raw materials as basalt. It was decided to mod-
ify the basalt composition by adding a deliberately calculated
amounts of: (i) a reducing organic agent (e.g., sucrose) to con-
vert the Fe3* ions present in basalt to the Fe?* ions; since the
capability of the latter to be isomorphously captured or shared
in the cordierite structure is much more than the former (Fe3*);
(i) adding TiO,, because it has a significant reducing effect
on the melting and viscosity of cordieritic glass compositions,
in addition to its catalytic effect on formation of the cordierite
crystals. The total percentage of TiO, approached the optimum
values required for promoting nucleation process; (iii) alumina
and/or alumina plus silica, in the form of alumina and kaolin,
to compensate the deficiency of Al,O3 in basalt composition
and consequently satisfying the requirements of cordierite solid
solution formations. (iv) Making use of CaO, present in the
basalt composition, in lowering the melting temperature and
viscosity of molten glasses, and allotting most of it as anorthite
(CaAl,SiyOg) due to its compatibility with cordierite as well as
its good thermal properties. (v) F~ ions, in the form of Li, Mg
and Al fluorides, with the view to capture the remaining Ca>",
after anorthite, to form a secondary nucleant phase of fluorite.
The selected said cations of the added fluorides were used with
the view that they could be easily accommodated or found place
in the structure of the crystallizing cordierite polymorphs.
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2. Experimental

Cordierite ss molecules (Mg,Fe)Al4SisO1g and plagioclase
molecules CaAl,SioOg and (Na,K)AISizOg as major phases
according to CIPW norm were calculated.” The molecular norm
calculations revealed that the crystalline phase assemblages are
~51% cordierite ss, 39% anorthitic plagioclase and the rest
being TiO,-bearing phases which may be crystallized out from
this glass under conditions approaching the equilibrium.

Table 1 lists the chemical composition of the raw materials
used (viz, basalt and kaolin). Three compositions with deliber-
ate amount of different fluorides viz., LiF, MgF, and AlF3 as
nucleating agents were prepared. These compositions (Table 1)
were designated as BCL, BCM and BCA; where BC indicates
the modified basaltic cordierite-anorthite base composition and
L, M and A indicate the nucleating agents added; LiF, MgF, and
AlF3, respectively.

The aforementioned three cordierite basalt-based batches,
were generally melted well in the range 1400-1470 °C (depend-
ing upon the nucleant added) for 3h. The melts were cast in
the form of rectangular specimens and transferred into a muf-
fle furnace at 550 °C which is then switched off to cool to room
temperature. The obtained specimens appeared blackish in color
and seed-free.

Glass nucleated by LiF (BCL) showed a lower melting tem-
perature and a better viscosity and workability. Glass containing
AlF3, showed somewhat higher melting temperatures and vis-
cosity than those nucleated only by LiF or MgF,. The latter,
however, showed an intermediate character. These experimen-
tal observations revealed the reducing effect of Li* ions on the
melting temperatures and viscosity of the melts and the oppo-
site increasing effect of AI3* ions on the viscosity and melting
temperatures.

Differential thermal analysis was carried out using the com-
puterized Perkin-Elemer (U.S., Norwalk, CT) DTA-7 Unix Sys-
tem Series. The DTA measurements were performed using
~70 mg of powdered glass sample (of 90-260 wm grain size),
in a Pt crucible in a flowing (~50 cm®/min) atmosphere of dry
N> gas. The DTA instrument was calibrated periodically with

Table 1
Calculated chemical composition (in wt.%) of the raw materials used and the
modified basaltic cordierite-anorthite base glasses

Oxide/glasses Basalt Kaolin BC BCA BCM BCL
Si0, 50.46 50.7 43.44 42.08 41.89 42.14
AL O3 14.79 43.23 27.39 26.52 26.40 29.56
TiO, 3.47 2.11 10.43 10.10 10.06 10.12
FeO 10.97 0.96 6.6 6.39 6.36 6.4
CaO 10.84 0.94 6.51 6.3 6.27 6.31
MgO 6.28 - 3.7 3.58 3.57 3.59
Na,O 2.47 1.32 1.49 1.45 1.43 1.44
K,O 0.72 0.83 44 0.43 0.43 0.43
LiF - - - - - 3.01
MgF, - - - - 3.59 -
AlF3 - - - 3.15 - -

BC =rectified basalt — Cordierite base composition; L, M and A indicate the
addition of the fluorides of Li, Mg and Al either separate or mixed.

Al and Au standards using powdered alpha Al, O3 as a reference
material.

Thermal heat treatment to convert glasses into glass-
ceramics were carried out in a programmable muffle furnace
(Nabertherm), starting from room temperature up to the required
temperature at a heating rate of 10 °C/min. Then the samples
were soaked at that temperature for an intended period of time
after which the furnace was switched off to cool to room tem-
perature.

The identification of the crystallizing fine-grained phases in
this work resides essentially on the X-ray powder diffraction
analysis. A Philips PW 1390 X-ray Diffractometer, adopting
Ni-filtered Cu radiation with tube 40 kV and a current of 30 mA,
was used in the present investigation.

The microstructure and the possible mineralogical con-
stituents were examined optically in thin sections using a polar-
izing Carl-Zeiss research microscope.

3. Results

Fig. 1 shows the DTA traces of the investigated glasses, from
which it can be noticed that all the three DTA curves have a
close resemblance and character (one endotherm and at least
four exothermic effects). The endothermic dips are due to the
transition temperature of the glass (Tg). The Tg endothermic
effects of BCL, BCA and BCM glasses are located at 606°,
624° and 641 °C, respectively. These effects are followed by four
exothermic successive peaks correspond to release of thermal
energy as aresult of crystallization of spinel plus fluorite (CaF»),
[B-quartz solid solutions plus pseudo-brookite, anorthite, and o-
cordierite, respectively.

The first exothermic effect is broad with a peak at about
682 °C in glass BCL, and at about 725 °C in glasses BCA and
BCM. This peak appears sharper in glass BCM nucleated by
MgF,, it was attributed to the formation of both spinel and CaF;;
as verified by XRD analysis.

The second exothermic peak is strong and sharp, which
appeared at about 913-925 °C (Fig. 1) mainly ascribed to the for-
mation of p-cordierite (B-quartz ss) and pseudo-brookite. The
XRD patterns of samples treated above 900 °C revealed addi-
tional crystallization of predominant amounts of w-cordierite
and small amounts of pseudo-brookite besides minor spinel and
fluorite phase. The intensity of this peak, which reflects the
strength of the crystallization is progressively increased in the
order BCM, BCA and BCL. In other words, the effectiveness
of these nucleants on the formation of p-cordierite increases
on going from MgF, to AlF3 to LiF. The letter one shows the
maximum effectiveness which may be; due to the additional
formation of a Li-bearing stuffed [3-quartz ss variety.

The third exothermic peak, is located at 967°, 974° and
1005 °C for glasses BCL, BCA and BCM, respectively (Fig. 1).
This peak is related essentially to crystallization of anorthite
in accordance to the XRD analysis. This peak is displaced to
higher temperatures and became more intense in the direction
of using LiF, AlF3, and, then MgF,. This increase in intensity
may indicate the enhancement effect of these nucleators on the
crystallization of anorthite, which being more efficient with the
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Fig. 1. DTA traces of cordiritic glasses nucleated by MgF, (BCM), AlF3; (BCA), and LiF (BCL).

latter MgF>; in spite of its cations not sharing in the anorthite
formula (CaAl;Si;Og).

The fourth exothermic peak is a broad ones, with diffused
maximum located at 1084, 1100 and 1130°C in glasses BCL,
BCA and BCM, respectively. These peaks can be attributed to
the formation of high-temperature a-cordierite phase, since the
XRD analysis revealed its formation in samples isothermally
treated at the same temperatures. This exotherm is followed
by minor kink endothermic effects which may be related to
the melting of a fluoride-bearing phase. This is immediately
followed also by a very weak exothermic effect located at
1145, 1196 and 1191 °C in BCL, BCA and BCM, respectively.
This very weak peak may be attributed to the separation of
rutile, however, in amounts beyond the sensitivity of the XRD
apparatus.

Table 2 lists a summary of the phases developed at differ-
ent heat treatment conditions. Almost all XRD patterns of the
studied samples are quite similar but with different intensity of
the crystallized phases according to the nucleating agent added
(Fig. 2 is responsible to it).

3.1. Effect of AlF3

XRD analysis and thin section examination of BCA sam-
ples heat treated for 3h at 900 °C indicated the existence of
w-cordierite, pseudo-brookite ss, spinel, minor fluorite and Mg
petalite-like phase. Thin section examination (Fig. 3) shows
the identified phases with lesser amount of spinel. Increasing
the temperature from 900 to 1050 °C, fine anorthitic plagio-
clase microlites together with intergrowths of the already men-
tioned phases (except Mg petalite-like phase) was developed
(Fig. 3). On increasing soaking time to 30h, at 1050 °C, the

Table 2

Phases developed from some cordierite — basalt glasses

Glass Heat treatment °C, hour Phases developed

BCA 900°C/3h B —qzss+Sp+Fl+Mg—p?
1050°C/3h An+p —qzss+Sp+Fl
1050°C/30h An+p —qzss+Fl+Sp+a—cord
1050°C50h+1100°C/14h An+p —qz ss+a —cord +Fl+Sp
1100 °C/24 h powdered An+p —qz ss+a —cord+Fl+Sp
1200°C/24h An+p —qzss+Sp+Fl
1200 °C/24 h powdered An+B —qz ss+a —cord+Fl+Sp
850°C/14h+1200°C/8h An+p —qzss+Sp+Fl
850°C/14h+1200°C/8h An+3 —qz ss+a —cord+Fl+Sp
powdered

BCM 950°C/3h B—qzss+Sp+Fl
1000°C/3 h B—qzss+An+Sp+Fl
1050°C/3h An+p —qzss+Sp+Fl
1050°C/30h An+f —qz ss+a —cord+Fl+Sp
1050°C/50h+1100°C/14h An+3 —qz ss+a —cord+Fl+Sp
1200°C/24 h An+f —qz ss+a —cord+Fl+Sp
1200 °C/24 h powdered An+B —qz ss+Fl+a —cord. + Sp
850°C/14h+1200°C/8 h B —qz ss+An+o —cord. + Fl1+ Sp
850°C/14h+1200°C/8h An+ 3 —qz ss+a — cord. + F1+ Sp
powdered

BCL 850°C/3h Mg-P?+ B —qzss+Sp+Fl
900°C/3h B —qz ss+An+Sp +Fl+ Mg — p?
1050°C/3h An+p —qzss+Sp+Fl
1050°C/30h An+p —qzss+Fl+a —cord+Sp

1050°C/50h+1100°C/14h
1200°C/24 h

1200 °C/24 h powdered
850°C/14h+1200°C/8h
850°C/14h+1200°C/8h
powdered

An+B —qzss+Fl+a —cord
An+p —qzss+Fl+Sp

An+B —qz ss+Fl+a —cord + Sp
An+f —qz ss+Fl+a —cord + Sp
An+B —qzss+Fl+a —cord+ Sp

An = Anorthite;

Sp = Spinel;

Fl =fluorite.

B—qz ss=+p —quartz ss;

o — cord = a — cordierite; Mg — P=Mg — petalite and ? uncertainly.
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Fig. 2. XRD patterns of BCM glasses heat-treated at 950 °C/3 h, 1000 °C/3 h,
1050 °C/3h, 1050 °C/30h, and 1050 °C/50h+1100°C/14h. (@) a-Cordierite,
(0) p-cordierite, (x) anorthite, ((J) pseudo-brookite, (M) spinel, (ld) fluorite.

intensities of the diffraction lines of the above phases (except
spinel) were increased, indicating more advanced state of devel-
opment and a higher degree of crystallinity, together with the
appearance of the 8.45 diffraction line characteristic to the
development of a-cordierite. By increasing the crystallization
soaking time to 50 h at 1050 °C and then for 14 h at 1100 °C, the
development of a-cordierite was considerably enhanced with a
decrease in the crystallization of spinel, p.-cordierite, and less
intergrowths of anorthite. It was noticed that, anorthite was
developed in larger amounts during single stage rather than suc-
cessive heat treatments and the reverse holds for the a- and
w-cordierite.

Fig. 3. Photomicroograph of BCA glass heat-treated at 1050 °C/3 h, showing
fair-sized anorthitic polagioclase microlites enclosing in between p.-cordierirte,
spinel, pseudo-brookite and fluorite intergrowths. (X =350, polars+).

3.2. Effect of MgF>

XRD patterns (Fig. 2) shows the isothermal single stage heat
treatments for 3 h at 950 °C which leads to the crystallization
of phases essentially of 3-quartz ss, spinel, anorthite, pseudo-
brookite and fluorite; arranged in decreasing order of abundance.
Increasing the temperature from 950 to 1000 °C encourages the
formation of anorthite which being the second major phase after
B-quartz ss in the said phase assemblages. The thin section exam-
ination of this sample exhibited a uniform fine-grained texture
of anorthite, B-quartz ss, pseudo-brookite and spinel crystallites
as well as some interstitial glass. On further heating to 1050 °C,
for the same soaking time, a more increase of anorthite content
could be observed (note diffraction lines 3.20 and 3.18; Fig. 2).
On prolonged heating for 30 h, at 1050 °C a-cordierite crystal-
lized out in large amounts, whereas spinel is greatly decreased.
Itis worth mentioning that the appearance of a-cordierite is con-
comitantly accompanied with the disappearance of spinel. This
may indicate that the formation of a-cordierite is a result of the
interaction between the spinel components and residual non-
crystallized siliceous glassy phase, and not via transformation
of the initially formed p-cordierite. A more development and/or
maturity of anorthite crystals takes place on prolonged heating
for 30 h. This was evidenced by the clearer and more resolutions
of their XRD peaks characterizing it (3.20 and 3.18).

Increasing the heat treatment for longer periods as 50h, at
1050 °C followed by another 14 h at a higher temperature as
1100 °Cresulted into a higher quantity of cordierite polymorphs,
as a-cordierite phase (diffraction lines note 8.45 and 3.03 in
Fig. 2) and p-cordierite. The amount of the latter reaches its
maximum crystallization density and hence becoming in com-
parable to that of the major anorthite phase. Consequently, the
sample is composed essentially of a-cordierite, p.-cordierite and
anorthite as major phases.

The two stage heat treatment process enhances the forma-
tion of the very fine randomly oriented, interlocking crystals of
approximately uniform sizes bonded by residual glassy matrix
(Fig. 4).

3.3. Effect of LiF

Thin section examinations of samples BCL indicated that the
use of LiF, even at such low deliberately concentrations used
(3%), greatly enhances the crystallization process. In compari-
son to those nucleated by the fluorides of Al and Mg (BCA and
BCM, respectively), LiF shows a remarkable effect on lowering
the temperature of beginning crystallization. It also enhances
crystallizability and degree of crystallinity, as well as fining the
microcrystalline structure.

The BCL samples, which isothermally treated at 850 °C for
3 h, displayed relatively much more finer grained textures in
comparison with the preceding glasses (BCA and BCM). Also,
the DTA exotherm peaks of the BCL glass (Fig. 1) appeared with
higher intensities and more pronunciation than those of BCA and
BCM glasses indicating a higher crystallizability. The XRD pat-
tern of sample heat-treated at 850 °C/3 h revealed a significant
triplet reflections at 3.58 and 3.70 which may indicate a petalite-
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Fig. 4. SEM micrograph of BCM glass heat-treated for 6h at 950°C and
1100 °C/14 h showing the marked effect of MgF, through double stage crys-
tallization treatment on enhancing the formation of uniform fine-grained micro-
crystalline structure embedded in crystalline base of p-cordierites, pseudo-
brookite, spinal and CaF,. (X =500, polars+).

like phase in accordance to Schryrer and Schairer.” Besides this
phase, the premature phases of -quartz ss (Li and Mg-bearings),
spinel, pseudo-brookite, and fluorite were detected. A largely
residual glassy phase could be also indicated by the high inten-
sity of X-ray background.

Increasing the temperature of the BCL samples to only
900 °C, for the same soaking time, results in a uniform bulk crys-
tallization of large amounts of very minute acicular of B-quartz
ss, anorthite, spinel, pseudo-brookite ss and fluorite (Fig. 5).
The XRD pattern of this sample showed that the crystalliz-
ing B-quartz ss are of Li- and Mg-bearings as indicated by
the slight of splitting of its main peak at 3.42. The preced-
ing uncontained minor petalite-like phase was still detected.
At higher temperature as 1050 °C, no great variation occurs
except the predominance crystallization of anorthite over the 3-
quartz ss phases. At this temperature the Mg-petalite-like phase
and the residual glassy phase were completely vanished and o-
cordierite, in very small amounts began to develop. For soaking
durations as long as 30h, at 1050°C, no great changes were

Fig. 5. SEM micrograph of BCL glass, 900 °C/3 h. Uniform volume crystalliza-
tion. Essentially of very minute aciculars of p-cordierite crystallites showing a
homogeneous fine-grain microstructure. (X =350 polars+).

Fig. 6. SEM micrograph of BCL glass heat-treated at 1050°C/50h+
1100 °C/14 h showing almost a holocrystalline material of anorthitic and well
developed a-cordierite crystals embedded in crystalline base of p-cordierites,
pseudo-brookite, spinel and CaF; (X =150, polars+).

noticed except the slight increase of the a-cordierite as revealed
by the detectable increase of their d-spacing at 8.45, 3.20 and
3.03 and the slight decrease of spinel (note diffraction lines
2.44).

The XRD pattern of sample thermally cured at 1050 °C for
50h and then at 1100°C for 14h showed a similar pattern
to the above sample (1050 °C/30h) but with somewhat higher
intensities, more sharpness and resolution of their peaks. This
may indicate an advanced state of progression of development
and maturity of the resultant crystals. Its thin section exhibits
almost a holocrystalline material of anorthitic microlites and
well-developed a-cordierite as equate and six-sided crystals
indicating its hexagonal symmetry, all of which are embedded
in a fine-grained crystalline base of [3-quartz ss, spinel, pseudo-
brookite ss and fluorite (Fig. 6).

4. Discussion

4.1. Effects of Ca, Ti and F ions on meltability and
crystallizability

The relatively low melting temperatures and viscosity, and
consequently the good meltability and workability traits, as well
as the high crystallizability throughout the entire volume upon
heat treatments of the present modified basaltic glasses could
be ascribed to the role played by the foreign ions. These for-
eign ions may be the CaO, which precursory present in basalt
and constitutes ~6.5 wt% of the glass, TiO, which added to
promote melting, and, fluorine ions which brought in as the
said crystallization catalysts. These ions are the most essen-
tial ones responsible for reducing the temperature of melting,
transition (Tg) and softening (Ts) and hence the viscosity of the
present glasses; compared to ternary cordierite glasses cited in
literature.8-10 The effect of CaO in cordierite glasses can find
its explanation in the work of deVeky and Majumdar'! who have
also shown that by adding a small amount of about 5 wt% CaO to
a ternary magnesium aluminium silicate (MAS) cordierite glass
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nucleated by 11% TiO; resulted in a substantial reduction of the
viscosity and the temperature of melting and beginning of crys-
tallization. These two authors also showed that the additions of
TiO; have a similar effect to that of CaO. However, these effects
were ascribed to their weakening effects on the network struc-
ture of glass, due to the lesser field strength of Ca®* cations than
Mg?* cations'? and consequently the weaker bond character of
Ca—O than that of Mg—O bonds, which results in lower viscos-
ity values and increasing in the mobility of the glass structural
elements.

An explanation for the relatively low viscosity and high
volume crystallizability exhibited by the present titania- and
fluoride-containing glasses may be also related to the weakening
effect of either Ti or F ions on the network structure of the
glass.’317 According to those authors, Ti** ions can act as
network former and exist in Si-equivalent four-fold coordinated
sites. However, Ti** has a field strength of 1.04 considerably,
above that of the four-fold coordinated AI** (0.96) which is
known to enter the network structure but below that of the
major glass network-forming Si** (1.56).'® Therefore, intro-
duction of weaker Ti—O bonds will thus weaken the network
structure, which in turn, is reflected in lowering the viscosity of
melts or glasses and consequently leads to more mobilization
of the glass-forming elements, i.e., conducive to crystalli-
zation.

The X-ray diffractometry has revealed that of psudo-brookite
(titanate phase), fluorite, spinel and Mg-petalite-like phase are
cocrystallized as accessories at the initial stages of crystalliza-
tion besides the relatively major p-cordierite.

4.2. Effect of F ions on inducing volume crystallization

Several researchers used fluorine as a bulk nucleating agent in
many systems.'*~>* Incorporation or substitution of fluorine ions
in silicate melts is known to lower their viscosity by disrupting
the Si—O—Si bonds. Dingwell et al.,!” also found that fluo-
rine reduces the viscosities and activation energies of the melts.
These authors inferred that reduction in viscosity of polymerized
melts occurs due to substitution of fluorine for bridging oxygens,
with consequent depolymerization of these melts by replacement
of Si—O—(S1,Al) bridges with = Si—F bonds. In other words, the
incorporation of fluorine ions in the glass structure occurs in
the [SiO4]*~ tetrahedral in place of 0%~ ion with formation of
[SiO3F]*~ groups and in such case the network is only anchored
through bridging oxygen. This substitution leads to weaken-
ing of the glass structure. This weakening effect of fluorine on
the glass structure results in easier atomic rearrangements upon
reheating the glass and consequently crystalline fluorine nuclei
may be formed.!?

However, it was also suggested”>>® that crystallization may
be initiated by the formation of crystalline nuclei consisting of
a simple binary fluoride. These fluorite nuclei then act as het-
erogeneous centers for the growth of the first crystalline silicate
phase, and consequently responsible for the great fineness of the
obtained homogeneous microstructures. These findings explain
the formation of the CaF, phase (fluorite) separated out at the
initial stages of crystallization.

4.3. Sequence of crystallization

The crystallization of a wide range of compositions in the
MgO-Al,03-Si0, system, has been studied.8-1027-28 These
studies have shown that p-cordierite is the first crystal phase
formed metastably and is then rearranged at higher tempera-
ture to form a-or hexagonal-cordierite. This high temperature
o-form can be readily obtained by the crystallization of glass at
temperatures greater than 1050 °C. These findings became com-
plicated by the presence of minor constituents and nucleating
agents which significantly affect the sequence of crystallization
of cordierite-based glasses.!?

In the present complex basaltic glasses, which are deviated
largely from the pure cordierite stoichiometry, the sequence and
proportions of the crystallizing phases strongly depend on the
heat treatment parameters of crystallization (temperature and
time) and to some extent on the type of the fluorides which were
added.

Heating above 1050 °C resulted in complete transformation

of the metastable Mg petalite-like phase (if present) into 3-quartz
29
ss.

5. Conclusions

1. In the AlF3-nucleated glasses, the onset of crystallization in
bulk glass samples are considerably at higher temperatures
than in powdered samples, e.g., as those subjected to DTA,
indicating the effectiveness of the sintered route. AlF3 greatly
encouraged the formation of anorthite and has an opposite
effect on spinel crystallization. It also greatly enhances the
a-cordierite. AlF3 has no significant effect on the fineness of
the resultant microstructure except those nucleated by double
stage heat treatment.

2. In the MgF>-nucleated glasses, the presence of MgF,
decreases the onest of crystallization temperature and
enhances the formation of anorthite and cordierite poly-
morphs (- and a-cordierites) as well as the maturity of the
former phase. The outstanding effect of MgF; as a nucleating
agent is its effectiveness on the microstructure, i.e., it stimu-
lates the formation of the unique uniform fine-grained micro-
crystalline structure characterizing glass-ceramic; especially
on appropriate heat-treating through double-stage schedule.

3. In the LiF-nucleated glasses, the use of LiF greatly enhanced
the crystallizability and consequently the degree of crys-
tallinity of the glass, and widening the crystallization temper-
ature span by lowering the crystallization temperature onset.
It is very effectual on promoting fine-grained microcrys-
talline structure especially at the appropriate heat treatments
(950°C+1100°C for 16h each). From the mineralogical
standpoint, LiF stimulates the crystallization of the major
phases anorthite and [3-quartz ss, as well as the minor spinel.
The crystallized (3-quartz ss are of Li and Mg-bearing vari-
eties. It inhibits the formation of the a-cordierite, relative to
the other fluorides of (Mg and Al) used. The a-cordierite nor-
mally formed at high temperatures in glasses BCM and BCA
as a result of the interaction of the residual non-crystallized
glass with the components of spinel. Therefore, the inhibi-
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tion effect of LiF on the formation of a-cordierite may be due
to its great stimulating effect on crystallizability which leads
to completeness of crystallization process at lower temper-
ature and thus depriving a-cordierite from one of its main
component, i.e., residual siliceous glass.

LiF also encourages the formation of the metastable Mg-
petalite-like phase at low temperatures (850-950 °C).
The sequence and proportions of the crystallizing phases
depend strongly on the heat treatment parameters of crys-
tallization (temperature and time) and to some extent on the
type of the fluorides which were added.
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