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Abstract

Bulk glass having a calcium-mica composition (CagsMg3AlSi;0,F;) is homogeneous
glass. The crystallization mechanism of the mica is surface crystallization and
transparency is lost completely when crystallization occurs on the surface. In this study,
by decreasing SiO; and increasing CaO and Al,Os from the chemical composition of
CaysMg3AlSi;04F,, and moreover by replacing a small amount of K,O instead of CaO,
the phase separation appears in the glasses. Because of this phase separation, the mica
begins to be crystallized not only on the surface but also in the bulk at lower
temperatures. Consequently, the novel transparent machinable mica glass-ceramic can
be obtained by heating the glasses having the chemical composition of
Cao,GMg3A11_2Si2.gOmF2 and K0_01Ca0_595Mg3Ah_2Si2,gOloF2. As a larger amount of
calcium-mica is separated, the bending strength decreases and the fracture toughness
increases. Furthermore, by replacing K ion instead of Ca’" ion in the interlayer of
calcium-mica, the interlayer bonding strength becomes high, resulting in the increase of
the bending strength.
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1. Introduction

Mica glass-ceramics are the typical machinable ceramics. The machinability
originates in the cleavage of mica crystals and the interlocking structure formed by the
flake-like mica crystals. The structural formula of the mica is generally expressed as
Xo0.5-1Y2324010(OH,F),, where X, Y and Z are cations in 12-, 6-, and 4-fold coordination,
and extensive solid solutions are possible. For the representative commercial mica-type
glass-ceramic, MACOR® and DICOR®, the micas are phlogopite-type
(K1 xMg3Al; Si3x010F>) and tetrasilicic-type (K;xMgs s5+x2S14010F2), respectively, and
their interlayer cations, that is, X, are K" ion [1]. The glass-ceramics consisting of
phlogopite-type mica, in which K™ ion is replaced by alkaline earth ions such as Ca’",
Sr** and Ba”" ions, are known as alkaline earth mica glass-ceramics [2]. Among these,
the calcium-mica glass-ceramic has the greatest glass stability of the melt [2]. Therefore,
the large bulk glass having a calcium-mica composition (CaysMgszAlSi30,0F>) is easily
prepared by the melting method. Conversely, natural micas consisting of interlayer
cations of alkaline earth ions, brittle micas, are distinguished from true micas by a layer
charge per formula unit of approximately -2.0 [3]. For example, -clintonite
(Ca(MgyAl)(SiAl3)O19(OH),), margarite (CaAly(Si;Al)O19(OH),) and  kinoshitalite
(BaMgs3(SiAly)O19(OH),), are known as brittle micas [3]. In addition, highly charged
sodium fluorophlogopite mica (NasMgeAlsSi4050F4), called “Na-4-mica”, has been
synthesized by many kinds of solid-state reactions [4-14]. Also, it has been found that
electrical conductivity of the “Na-4-mica” is 4.3x10™* S/cm at 650°C, which is much
higher than that of the ordinary Na-type fluorophlogopite (Na;MgsAl,SisO20F4) [14].
Consequently, if the glass-ceramic consisting of highly charged calcium
fluorophlogopite mica (CaMg3Al,Si,0,0F,) is prepared, its electrical conductivity is
much higher than that of ordinary calcium-mica glass-ceramic.

In this study, preparation of parent glasses having the chemical composition of
CaxMg3AlSi24)O10F2 (x=0.5-1.0) was attempted. While bulk glasses with x>0.7
prepared by the ordinary melting method are devitrified, novel transparent machinable
glass-ceramic was obtained from the parent glass with x=0.6. Subsequently, the
crystallization process of the parent glass with x=0.6 and some properties, such as
mechanical strength, electrical conductivity, etc of the obtained glass-ceramics were
investigated. In addition, a small amount of CaO in the parent glass with x=0.6 was
replaced by K,O and the crystallization process and its properties were also investigated.
Introduction of K' ion into the interlayer of calcium-mica was used to prevent
water-swelling which is a feature of calcium-mica and a fatal demerit of the
glass-ceramics.

2. Experimental procedure

The reagents of MgO, Al,Os, Si0,, K,COs3, CaCO3 and MgF, were mixed in the
chemical composition corresponding to Cap¢Mg3Al; 12Si3010F2 or
Ko.01Cag.50sMg3Al; 2Si, 3010F,. The mixtures were calcined at 900°C for 1 h, melted in a
sealed platinum container at 1450°C for 2 h, and then cooled outside of the furnace. The
obtained glasses were then annealed at ~20°C higher temperatures than their
glass-transition temperatures, and cooled at 2°C/min to eliminate strain. It was
confirmed by X-ray diffraction (XRD) analysis that the parent glasses prepared by such
a method were not devitrified. The parent glasses were then heated at 750-1000°C at a
heating rate of 10°C/min for 2 h to crystallize them. As a reference, the calcium-mica
glass-ceramic having the chemical composition of CagsMg3AlSizO;oF, was prepared by



the same method. The three specimens having the chemical composition of
CaysMg3AlSi30,0F;, CageMg3Al;2S128010F2  or Ko 01CagsosMgsAl; 2Si,3010F, are
shown as Ca05, Ca06 or CaK001 specimens, respectively, in this paper.

The phase change of the parent glasses was analyzed using XRD, and the
microstructure development was observed using a field-emission type scanning electron
microscope (FE-SEM). For the observation, the specimens were polished by diamond
slurries and chemically etched by 5 mass% hydrofluoric acid.

The three point bending strength was measured using a universal strength testing
machine. The crosshead speed for the bending test was 0.5 mm/min. The hardness and
fracture toughness were measured using a Vickers diamond indenter which was
indented on the polished surface of specimens at load of 98 N for 10 sec. The fracture
toughness was determined by the indentation microfracture method (IM method). The
machinability was qualitatively evaluated using a bench-drilling machine. The drill was
conventional high-speed steel and the rotational frequency was 620rpm. Specific
electrical resistance of the specimens was measured at 100-650°C by the four-probe
method using an impedance analyzer in a frequency range of 4 to 10° Hz.

3. Results and discussion

3.1. Crystallization process

The parent glass having the chemical composition of CaysMg3AlSizO;oF, is
homogeneous glass and does not show a phase separation structure [15]. Mica was first
separated near the surface at 775-800°C, and then grew radially [15]. It is clear that the
crystallization mechanism of this specimen was surface crystallization.

The SEM photographs of the polished and chemically etched surface of the Ca06
parent glass and the heated Ca06 specimen are shown in Fig. 1. In the parent glass, a
large droplet phase with a size of 0.5-2.0 um (Fig. 1 (a)) and a fine droplet-like phase
with a size of <0.5 um were observed. The spherical phase with a size of 10-20 um first
appeared not only near the surface but also inside of the specimen heated at 770°C,
though crystals were not detected by XRD analysis. The spherical phase observed near
the surface in Fig. 1(c) was mica separated on and near the original surface of the
specimen. The spherical phases observed in Fig. 1(d) were mica separated inside of the
specimen, but were not mica grown from the original surface. Mica was detected in the
specimen heated at >780°C by XRD analysis. As the heating temperature increased, the
spherical phases of mica grew radially and impinged upon one another as shown in Fig.
1(e). At 850°C, cellular membrane-like microstructure of mica was observed all over the
specimen.

The SEM photographs of the polished and chemically etched surface of the
CaKO001 parent glass and the heated CaK001 specimen are shown in Fig. 2. In the
CaKO001 parent glass, a droplet phase with a size of 0.5 um (Fig. 2 (a)) was observed.
The mica was first separated at 740°C. It appeared not only near the surface but also
inside of the specimen, and grew radially as did the mica in the Ca06 specimen. The
crystal phase that separated in the Ca05, Ca06 and CaKO00l1 specimens heated at
<1000°C was only mica.

The basal spacing (c-sinf; ¢ and 3 are lattice constants) and lattice constant b of the
mica separated in the heat treated Ca05, Ca06 and CaK001 specimens were measured,
and found to be independent of the heating temperature. The obtained basal spacing and
lattice constant b are shown in Fig. 3. In addition, the reported basal spacing and lattice



constant b of trisilicic type micas [2, 16, 17], tetrasilicic type micas [18-20] and brittle
mica (kinoshitalite) [21] are plotted as a reference in the Fig. 3. In general, the basal
spacing, which is the distance between basal planes in the vertical direction relative to
the layer, depends mainly on the size of interlayer ion and the electrostatic repulsion
between layers. Furthermore, the lattice constant b is a standard for determining whether
the mica is tetrasilicic type or trisilicic type, and the b of tetrasilicic type mica is shown
to be smaller than that of trisilicic type mica. Based on this point, Ca-phlogopite [16]
shown as a reference in Fig. 3 is not trisilicic type mica (phlogopite) but may be
tetrasilicic type mica. In addition, the b of kinoshitalite is larger than that of trisilicic
type micas because a larger amount of the AI’™ ion, which is larger cation than the Si*"
ion, is placed in the 4-fold coordination sites of kinoshitalite. The b and c-sinf3 of micas
separated in the Ca05, Ca06 and CaK001 specimens were close to those of
Ca-phlogopite in the glass-ceramic prepared by Hoda et al. [2]. Moreover, the b values
were close to those of trisilicic type mica. That is, the micas in the Ca05, Ca06 and
CaKO001 specimens corresponded to Ca-phlogopite. However, the b and c-sinf3 of mica
in the Ca06 specimen were slightly larger than those of mica in the Ca05 specimen
meaning that the mica in the Ca06 specimen had a larger amount of AP’ ion in the
4-fold coordination sites and a larger amount of the Ca>" ion in the interlayer as
compared with the mica in the Ca05 specimen. That is, the mica in the Ca06 specimen
was a little closer to the characteristic of brittle micas. The b of mica in the CaK001
specimen was a little smaller than that of mica in the Ca06 specimen but the c-sinf3 was
a little larger suggesting that the K" ion replaced the Ca®" ion in the interlayer and the
mica went back to trisilicic type mica.

3.2. Some properties

The photographs of the drilling test for the heated Ca05, Ca06 and CaKO001
specimens with thickness of about 2 mm are shown in Fig. 4. It is clear from this figure
that the Ca06 and CaK001 specimens were transparent even though the mica was
separated. The Ca05 specimen heated at 850°C and the transparent CaK001 specimen
heated at 780°C were easily machined because the mica crystals formed the interlocking
microstructure. Though the transparent Ca06 specimen heated at 800°C could be
machined, it took the drill more times to penetrate into the specimen. In the transparent
Ca06 specimen, the mica crystal phase was not separated all over the specimen as
shown in Fig. 1(e), and it might have been formed as a loose continuous phase.

Some properties of the heated Ca05, Ca06 and CaK001 specimens are shown in
Table 1. The bending strength of the Ca06 specimen became lower because a larger
amount of the calcium-mica, which has a low interlayer bonding strength, was separated.
By replacing the K ion instead of the Ca*" ion in the interlayer, the interlayer bonding
strength becomes higher. Therefore, the bending strength of the CaK001 specimen was
higher than that of the Ca06 specimen. The fracture toughness became higher because a
larger amount of mica was separated. While the bending strength of the transparent
machinable CaK001 specimen was lower than that of the translucent Dicor®
glass-ceramic, the fracture toughness was higher. The electrical conductivity of the
Ca06 specimen became higher because a larger amount of mica was separated. The
Ca06 specimen heated at 850°C showed higher electrical conductivity than the Ca05
specimen heated at 850°C even though a larger amount of mica was separated in the
both specimens. These results suggest that the conductivity species was the Ca>* ion and
the main conductivity path was the interlayer of mica, and the introduction of a large



number of cations in the interlayer of mica will cause higher electrical conductivity. The
Ca05 and Ca06 specimen in which a large amount of mica was separated were
disintegrated in the water by the water-swelling of calcium-mica. However, the Ca06
specimen heated at 800°C, with the mica forming loose interlocking structure, was not
disintegrated in the water even after three months. The water resistance of the CaK001
specimen heated at 780°C shows that the introduction of a small amount of K ion in the
interlayer of the calcium-mica prevented the water-swelling of calcium-mica.

4. Conclusions

The bulk glass having a calcium-mica composition (CaysMg3AlSiz;O0F,) was
homogeneous, and the crystallization mechanism of the mica was surface crystallization.
The transparency was lost completely when crystallization occurred on the surface. By
decreasing SiO; and increasing CaO and Al,O; from the chemical composition of
CasMg3AlSi3040F,, the phase separation consisting of two droplet and matrix phases
appeared in the glass. Additionly, due to the phase separation, the mica was separated
not only on the surface but also in the bulk at lower temperatures. Furthermore, by
replacing a small amount of K,O instead of CaO in the chemical composition of
Cag¢Mg3Al; 2Sir 3O1oF2, the phase separation consisting of one droplet and matrix
phases appeared in the glass and mica was separated not only on the surface but also in
the bulk at still lower temperatures. So the novel transparent machinable mica
glass-ceramic could be obtained by heating such phase separated glasses, and they were
not disintegrated by water-swelling of calcium-mica. As a larger amount of
calcium-mica was separated, the bending strength was decreased and the fracture
toughness was increased. However, replacing a small amount of K* ion instead of Ca*"
ion in the interlayer of mica resulted in the increase of the bending strength.
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Figure legends

Fig. 1. SEM photographs of polished and chemically etched surfaces of the Ca06
parent glass at (a) low magnification and (b) high magnification, (c) near the surface
and (d) deep inside of the Ca06 specimen heated at 770°C for 2 h, and (e) and (f) deep
inside of the Ca06 specimen heated for 2 hours at 800°C and 850°C respectively. The
“Surface” shown in the figure is the original surface of the specimen which was not
polished.

Fig. 2. SEM photographs of polished and chemically etched surfaces of (a) the
CaKO001 parent glass, (b) near the surface and (c) deep inside of the CaK001 specimen
heated at 740°C for 2 h, and (d) deep inside of the CaK001 specimen heated at 780°C
for 2 h. The “Surface” shown in the figure is the original surface of the specimen which
was not polished.

Fig. 3. Relationship between basal spacing (c-sinf) and lattice constant (b) of mica
crystals showing: (@) Ca05, (A) Ca06 and (4) CaK001 specimens. Trisilicic type
micas: ( V [16], © [17]) K-phlogopite (KMg3(AlSi;O10)F,) and (©[16], ©[2])
Ca-phlogopite (CagsMg3(AlSi3010)F,). Tetrasilicic type micas: (O [18], [I[19])
K-Taeniolite (KMg,Li(Si4010)F>), (<>[18]) Na-Taeniolite (NaMg,Li(SisO10)F>), and (3¢
[20]) K-Tetrasilicic mica (KMg,s(Si4O10)F2). Brittle mica: (A [21]) Kinoshitalite
(BaMgg(AIZSizOlo)Fz).

Fig. 4. Photograph of drilling test for (a) Ca05 specimen heated at 850°C, (b) Ca06
specimen heated at 800°C and (c) CaK001 specimen heated at 780°C for 2 h.
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Table 1
The properties of obtained glass-ceramics and Dicor® glass-ceramic

‘ Heating Bending Hardness Fracture Electr.lc.al Water
Specimen Condition Strength (GPa) Toughness Conductivity at Resistance
(MPa) (MPam®®)  650°C (S/cm)

Ca05 850°C, 2 h 3.9 x 107 X

Ca06 800°C,2h  94+13 54+05 1.1+02 3.6 x 107 O

850°C,2h  86+5 4.0+123 2.8+0 45x107 X

CaKo001 780°C,2h 114+15 3.7+05 1.7+ 0 O

Dicor® code 9670[1] 138 33 1.5

X of the water resistance means that the specimen was disintegrated by the water swelling of mica
in water, and O means that the appearance of the specimen was not changed in water.
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Fig. 1. SEM photographs of polished and chemically etched

surfaces of the Ca06 parent glass at (a) low magnification and (b)
high magnification, (c) near the surface and (d) deep inside of the
Ca06 specimen heated at 770°C for 2 h, and (e) and (f) deep inside
of the Ca06 specimen heated for 2 hours at 800°C and 850°C
respectively. The “Surface” shown in the figure is the original

surface of the specimen which was not polished.
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Fig. 2. SEM photographs of polished and chemically etched

surfaces of (a) the CaK001 parent glass, (b) near the surface and
(c) deep inside of the CaK001 specimen heated at 740°C for 2 h,
and (d) deep inside of the CaK001 specimen heated at 780°C for 2
h. The “Surface” shown in the figure is the original surface of the

specimen which was not polished.
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Fig. 3. Relationship between basal spacing (c-sinf3) and lattice constant (b) of
mica crystals showing: (@) Ca05, (A) Ca06 and (9) CaK001 specimens.
Trisilicic type micas: (V[16], ©[17]) K-phlogopite (KMg3(AlSi3;010)F>) and
(¢[16], ©[2]) Ca-phlogopite (CagsMg3(AlSi30;¢)F,). Tetrasilicic type micas:
(O[18], [19]) K-Taeniolite (KMg,Li(Si4010)F), (<>[18]) Na-Taeniolite
(NaMg,Li(Si4010)F»), and (5<[20]) K-Tetrasilicic mica (KMg, 5(SisO10)F>)

Brittle mica: (A\[21]) Kinoshitalite (BaMg3(Al,Si,01¢)F>).
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Fig. 4. Photograph of drilling test for (a) Ca05 specimen heated at
850°C, (b) Ca06 specimen heated at 800°C and (c) CaK001 specimen
heated at 780°C for 2 h.
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