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Abstract

The fluorine micas (K-fluorine micas; KxMgj; xLixSi4OF>) having variable layer
charges (x=0.4-1.0) were synthesized. The lattice constant ¢ decreased with a decrease
in the layer charge while the lattice constants a and b increased. As the layer charge
decreased, K-fluorine micas were changed into Na-fluorine micas more rapidly by
NaB(Cg¢Hs)4 treatment and were easier to cleave and change into the amorphous phase
by grinding. The mica ceramics with lower layer charges showed lower electrical
resistance than those with higher layer charges in the low-temperature region but higher
electrical resistance in the high-temperature region. The results of the electrical
resistance can be explained by the concentrations of the lattice vacancy and K ion in
the interlayer. The dielectric loss tangent was influenced by the layer charge while the
dielectric constant was almost unchanged. The chemical and physical properties of such
micas are strongly dependent on the magnitude of the layer charge because the layer

charge determines the interlayer bonding strength and the stability of mica structure.
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1. Introduction

Mica ceramics are the typical machinable ceramics. The cleavage of
fluorophlogopite crystals plays an important role in the machinability. In addition,
K-type fluorophlogopite, of which the interlayer cation is potassium ion (K-fluorine
micas), is excellent in thermal and chemical stability because it is structurally the most
stable in the mica group. Moreover, it is important as an electrical insulator and
dielectric. Mica demonstrating the basic structural formula of X 5.1Y2.3Z40,0(OH,F); is
a multicomponent system of alkaline or large alkaline earth ions X, small alkaline earth
ions Y or aluminum in octahedral coordination (Y) and Z ions, representing the sum of
Al (IIT) and Si (IV) tetrahedral building blocks, as well as of oxygen, hydroxyl, and/or
fluoride anions [1]. The layer charge of the synthetic K-fluorine micas has been shown
to be a constant of 1.0 e/Z40,¢ [2]. However, the layer charge should influence the
chemical and physical properties of the micas because it controls the cation and lattice
vacancy densities in the interlayer and hence determines the chemical bonding strength
of the silicate layers [3].

In this study, synthesis of a series of K-fluorine micas having variable layer
charges [KxMg3«Lix(S1400)F>, layer charge: x=0.4-1.0 ¢/Si40;¢] was attempted, and the
effect of the layer charge on the chemical and physical properties, (e.g., chemical
reactivity, cleavability, electrical resistivity, dielectric and thermal expansion) of the

obtained micas was investigated.

2. Experimental procedure

2.1 Preparation of K-fluorine micas

The reagents of MgO, Al,O3, SiO,, LiF, KF and MgF, were mixed in the chemical



compositions corresponding to KyMgs «Lix(S14010)F, (x=0.4, 0.6, 0.8 and 1.0). The
mixtures were melted in a sealed platinum container at 1430°C for 2 h, cooled at a rate
of 5 °C/min, and then removed from the electric furnace at 800°C. In this way, lumps of
large mica crystals were obtained. The lumps were then ground into mica powders.

In addition, the mixtures of the raw materials mentioned above were melted in a
sealed platinum container at 1450-1480°C for 1 h. The melts were rapidly cooled
outside of the furnace. The obtained glasses were re-heated at 1000°C for 4 h to form
mica polycrystals (mica ceramics).

Crystalline phases in the mica powders and mica ceramics were analyzed using
X-ray diffractometry (XRD), and the lattice constants of the micas were determined. In
addition, infrared absorption spectra (IR spectra) of the micas were measured. Large
mica crystals were sorted out from the mica powders by a wet classification method,
ground <45 pum and then dissolved in an HF-HCIO4 solution. Using the obtained
solution, the K content in the micas was analyzed using flame photometry. The fracture
surfaces of the mica ceramics were observed using scanning electron microscopy

(SEM).

2.2 Estimation of properties of K-fluorine micas

The mica powders with the size of 150-250 n were reacted with NaB(Cg¢Hs)4
(NaTPB) solution under a rigorous stirring [4]. After the reaction proceeded for fixed
times, the reaction rate was determined from the diffraction intensity ratios of unreacted
micas (K-fluorine micas) to products (Na-fluorine micas) in the XRD patterns.

After the mica powders were ground for fixed times, XRD profiles of (00l) of the
micas were measured to examine the change in the crystallinity. Using mica suspensions,

which were obtained by the water elutriation of the mica powders, self-supporting films



of the micas were formed on the surface of a 100-mesh sieve. Cleavability of the micas
was estimated from the formation of the self-supporting films, and the aspect ratio of
the mica flakes was measured using SEM.

Specific electrical resistance (p) of the mica ceramics was measured at 100-500°C
by the two-probe method using a high insulation meter. Dielectric constant (¢) and loss
tangent (tand) of the mica ceramics were measured using an impedance analyzer.

Thermal expansion coefficient of the mica ceramics was measured using a dilatometer.

3. Results and discussion

3.1. Crystal structure of micas having variable layer charges

For the mica powders, the relationship between theoretical layer charge and
experimentally obtained layer charge which was estimated from the K™ content is shown
in Fig. 1. The experimentally obtained layer charges corresponded to the theoretical
layer charges. This means that a series of the micas having variable layer charges
(x=0.4-1.0) was obtained.

Lattice constants of the mica powders are shown in Table 1. As the layer charge
decreased, the lattice constants a and b increased while ¢ decreased. The 3 was almost
constant. Such variations of the lattice constants resulted from change in distortion of
the tetrahedral and octahedral sheets of the micas [5,6]. That is, as the layer charge
decreases, the effective negative charge of apical oxygens (O,) in the tetrahedral sheet
decreases, leading to lowering the repulsion between O, and basal oxygens (Oy). As the
results, the bonding angle of O,-Si-O, was reduced and the distance of O,-Op was
lengthened, indicating that the lattice constant ¢ and the basal spacing c-sinf} were

shortened while the a and b were lengthened.



IR spectra of the mica powders are shown in Fig. 2. As the layer charge decreased,

the absorption band of Si-O, (a?l) [7] was shifted to a lower wavenumber and that of

Si-Op (e?l) [7] was shifted to higher wavenumber. These results indicate that though the

chemical composition of the tetrahedral sheet did not change, a stretching vibration of
Si-O was markedly influenced by the layer charge. This change in the stretching
vibration of Si-O was caused by the distortion of the tetrahedral sheet mentioned above.
Crystallinities of all the mica ceramics having variable layer charges were 100%.
Moreover, IR spectra of all the mica ceramics were almost identical as those in Fig. 2.
These results mean that the layer charges of micas precipitated in the mica ceramics
corresponded to the theoretical layer charges; that is, a series of the mica ceramics
having variable layer charges of x=0.4-1.0 was obtained. SEM photographs of fracture
surfaces of the mica ceramics having variable layer charges are shown in Fig. 3. In the
mica ceramic with x=1.0, it was difficult to control the crystallization because the mica
crystals precipitated rapidly and grew during the heating at 1000°C. This lead to the
mica ceramics composed of oriented mica particles >100 um. As the layer charge
decreased, the precipitation and growth rates of mica crystals became relatively slow.
Consequently, in the mica ceramic with x=0.8, the orientation of the mica particles was
not observed while mica particles grew up to 10-50 pm. The mica ceramics with x=0.4
and 0.6 exhibited the microstructure consisting of randomly arranged mica flakes with
size of 5-20 um. Further, in the case of the mica ceramic with x=0.4, there was a
possibility of precipitation of a very small amount of Mg,SiO4. The trace was observed

in the XRD pattern.

3.2. Chemical and physical properties

(1) Chemical and crystallographic properties



Reaction between K-fluorine mica and NaTPB proceeds according to the following
equation [4];
K-fluorine mica + NaB(C¢Hs)s — Na-fluorine mica + KB(CgHs)4] (1)
In order to determine the reactivity of K-fluorine micas having variable layer charges,
the X-ray diffraction intensity ratios (Ir) of unreacted micas (K-fluorine micas) to
products (Na-fluorine micas) were calculated according to the following equation;

Ir =Ina / (Ina + Ik) (2)
where Iy, and I are X-ray diffraction intensities of the (001) plane of Na-fluorine micas
and the (001) plane of K-fluorine micas, respectively. The relationship between reaction
time and Ir is shown in Fig. 4. This figure shows that the reaction of the micas having
lower layer charges proceeded more rapidly. The reaction of the mica with x=0.4 was
almost completed in 20 min while that of the mica with x=1.0 proceeded only slightly.
The decrease in the layer charge means an increase in the population of vacancies in the
interlayer. Consequently, the migration of K™ ion became easier in the interlayer of the
micas having lower layer charges such that the reactivity of the micas having lower
layer charges increased. On the other hand, using the mica powder with x=1.0, which
was ground still more to <45 um, the reaction between it and NaB(Cg¢Hs)4 solution was
completed in 3 h. This indicates that the reaction depended not only on the layer charge
but also on the particle size. The large difference in the reactivity between the micas
with x=0.6 and 0.8 might result from the slight difference in the particle size
distributions of these micas.

Crystallite sizes (thickness in the vertical direction relative to the layer) of the mica
powders were measured from the line broadening of the diffraction of (005) plane
according to the Scherrer equation. The relationship between the grinding time and the

crystallite size is shown in Fig. 5. The (005) profile tended to become weaker with a



decrease in the layer charge. The diffractions of the mica with x=0.4 disappeared after
grinding for 15 min, and the mica became amorphous. The crystallite size of the micas
with x=0.8 and 1.0 did not change after 20 min, but the diffraction intensities became
smaller with further grinding, which means that the mica crystals became partially
amorphous. In contrast, however, the crystallite size of the mica with x=0.6 decreased
even after 20 min, which indicates that the cleavage of the mica with x=0.6 was easier
than that of the micas with x=0.8 and 1.0. Furthermore, at the same time, the partial
transition to amorphous also proceeded.

The micas with the size of 150 to 250 um were sorted out from the mica powders
by a wet classification. While the aspect ratio of the sorted-out micas with x=1.0 and 0.8
was ~8, that of the mica with x=0.6 was ~20. Only the mica with x=0.6 formed the
self-supporting film, as shown in Fig. 6. As the layer charge decreased, the interlayer
bonding strength between silicate layers became weaker and the micas became easier to
be cleaved thinly, which resulted in the formation of the self-supporting film. The mica
with x=0.4 was cleaved very thinly and flakes with aspect ratio of 40 were observed.
However, the amount of such mica flakes was few. Many mica crystals with x=0.4 were
finely powdered because the crystallinity was inferior to that of other micas. Thus the
mica with x=0.6 having both high cleavability and high crystallinity resulted in high
yield of the mica flakes with higher aspect ratios.
(2) Electrical properties

For the mica ceramics with x=0.6 and 0.8, the relationship between p and inverse
of temperature (1/T) is shown in Fig. 7. The two p vs. 1/T curves were divided into two
regions at about 300°C. These low and high temperature regions might correspond to
extrinsic and intrinsic regions, respectively. For single crystal of K-fluorine mica

(fluorophlogopite) with x=1.0, the p of the vertical direction relative to the layer (p1) is



larger than that of the parallel direction relative to the layer (p|) [8]. The pt of the
single crystal was 10%-10° times as large as the p of the mica ceramic with x=0.8 at
120-300°C and 10°-10* times at >300°C. On the other hand, the p| of the single crystal,
. which was measured at 120-300°C, was almost the same order of magnitude as the p of
the mica ceramic with x=0.8 at 120-300°C. That is, the electrical conductivity of the
mica ceramics is explained by the existence of highly conductive paths, namely the
interlayer region of mica and the grain boundary between the micas. The p of the mica
ceramic with x=0.6 was lower than that of the mica ceramic with x=0.8 in the
low-temperature region; however, the former was higher than the latter in the
high-temperature region. For natural biotite micas, Guseinov observed a wide range of
electrical conductivity values, covering five orders of magnitude at 200°C and four
orders of magnitude at 500°C [9]. He explained this fact as follows [9]; the wide range
variations in biotite composition, caused by isomorphic substitutions, produce the wide
range of conductivity values, particularly, the effect of impurities on conductivity is
enhanced at low temperatures. However, at high temperatures, when the conductivity is
controlled by intrinsic defects, the range of conductivity is narrowed. In this study, the
chemical composition of the synthetic micas was controlled ideally and the layer charge
was varied. Because the interlayer vacancy increased with a decrease in the layer charge,
the diffusion of K” jon became easier in the interlayer. That is, in the low-temperature
region, the conductivity was predominantly controlled by the vacancy concentration,
and, therefore, the electrical resistance of the mica ceramics with lower layer charge
became higher. However, the conductivity in the high-temperature region depended
predominantly on the carrier (K" ion) concentration. Thus the resistance of the mica
ceramics with higher layer charge became lower at the high temperatures.

The € and tand of the mica ceramics are shown in Fig. 8. The € was not affected by



the layer charge while the tand increased with a decrease in the layer charge in the range
of x=0.6-1.0. Such an increase in the tand is related to the relaxation which occurred by
the jump of the K' ions in the interlayer [10] because the vacancy increases with a
decrease in the layer charge. The influence of the electrical conductivity on the tand
might be ignored because the tand was measured at the high frequency of 1 MHz in this
study. The space-charge polarization and dipole moment originating from the
association between the K ions and vacancy affect the €; however, these phenomena do
not appear at room temperature [10]. Therefore, the € is determined by ionic
polarization and electronic polarization [10], and consequently, it was not influenced by
the layer charge in this study.
(3) Thermal expansion

Thermal expansion coefficients of the mica ceramics with x=1.0 and 0.4 were 5.9 x
10° /> and 4.8 x 10 /°, respectively, in the temperature range of room temperature to
300°C. The thermal expansion coefficient decreased with a decrease in the layer charge.
The single crystal of K-fluorine mica (fluorophlogopite) has anisotropic thermal
expansion coefficients [11]. The thermal expansion of the vertical direction relative to
the layer is larger than that of the parallel direction relative to the layer. The lattice
vibration caused by heating might be relaxed due to the space formed by the vacancies
in the interlayer. Therefore, the thermal expansion coefficients of directions of a, b and ¢
axes for the mica crystals with lower layer charges became lower. The K-fluorine mica
ceramics synthesized in this study have lower thermal expansion coefficients because of

the nature of tetrasilicic mica [12].
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4. Conclusions

In this study, K-fluorine mica (KxMgs<Lix(S140,0)F,) powders and ceramics having
variable layer charges (x=0.4-1.0) were synthesized. The influence of the layer charge
on the chemical and physical properties of the micas were investigated.

As the layer charge decreased, which means that the interlayer vacancy increases,
the K" ions became easier to move in the interlayer. Consequently, as the layer charge
decreased, the reactivity between the micas and NaB(CgHs)s became higher, and the
electrical resistance became lower at the low-temperature range. On the other hand, the
conductivity at the high-temperature region depended predominantly on the carrier (K
ion) concentration. Thus the resistance of the mica ceramics with higher layer charge
became lower at high temperatures. The dielectric constant was not affected by the layer
charge while the loss tangent increased with a decrease in the layer charge in the range
of x=0.6-1.0. Such an increase in loss tangent was caused by the relaxation which
occurred by the jump of the K" ions in the interlayer due to the increase in the interlayer
vacancy. In addition, as the layer charge decreased, interlayer bonding strength between
silicate layers became lower. The decrease in the interlayer bonding strength and the
increase in the interlayer vacancy caused the high cleavability, low stability against

grinding and low thermal expansibility.
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Table I Lattice constants of the mica powders having variable layer charges

layer charge lattice constant / A
X a b c B csinf
1.0 5.237(2) 9.064(2) 10.150(2) 99.91(3) 9.999(2)
0.8 5.239(2) 9.074(3) 10.143(2) 99.92(3) 9.992(2)
0.6 5.243(2) 9.084(2) 10.136(3) 99.90(3) 9.985(3)
0.4 5.251(2) 9.092(2) 10.129(3) 99.93(3) 9.977(3)

Standard deviation is in parentheses.
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Figure legends

Fig. 1. The relationship between theoretical layer charge (dotted line) and

experimentally obtained layer charge (o).

Fig. 2. IR spectra of the mica powders having variable layer charges. Layer charge (x)

=(a) 1.0, (b) 0.8, (¢) 0.6 and (d) 0.4.

Fig. 3. SEM photographs of fracture surfaces of the mica ceramics having variable

layer charges. Layer charge (x) = (a) 1.0, (b) 0.8, (c) 0.6 and (d) 0.4.

Fig. 4.  The relationship between reaction time and reaction rate. Layer charge (x) =
(A): 1.0, (0): 0.8, (@): 0.6 and (©): 0.4. The reaction rate was represented by the relative
diffraction intensity (Ir). Ir = In/(Ina + Ix), Ik: diffraction intensity of (001) of

K-fluorine micas, and In,: diffraction intensity of (001) of Na-fluorine micas.

Fig. 5. The relationship between grinding time and crystallite size of the micas

having variable layer charges. Layer charge (x) = (0): 1.0, (A): 0.8 and (0): 0.6.

Fig. 6. Photograph of the self-supporting film obtained from thin flakes of the mica

having layer charge of 0.6.

Fig. 7. The temperature dependency of electrical resistance of the mica ceramics

having variable layer charges. Layer charge (x) = (®): 0.8 and (©): 0.6.

Fig. 8. Dielectric constant (¢:@) and loss tangent (tano:0) plotted against the layer

charge (x) of the mica ceramics having variable layer charges.
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Fig. 1. The relationship between theoretical layer charge (dotted line) and

experimentally obtained layer charge (e).
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Fig. 2. IR spectra of the mica powders having variable layer charges.

Layer charge (x) = (a) 1.0, (b) 0.8, (c) 0.6 and (d) 0.4.



Fig. 3. SEM photographs of fracture surfaces of the mica ceramics having variable

layer charges. Layer charge (x) = (a) 1.0, (b) 0.8, (c) 0.6 and (d) 0.4.
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Fig. 4. The relationship between reaction time and reaction rate.
Layer charge (x) = (A): 1.0, (0): 0.8, (e): 0.6 and (0): 0.4. The reaction
rate was represented by the relative diffraction intensity (Ir). Ir = Ina/(Ina
+ Iy), Ix: diffraction intensity of (001) of K-fluorine micas, and Iy,:

diffraction intensity of (001) of Na-fluorine micas.
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Fig. 5. The relationship between grinding time and crystallite size of the
micas having variable layer charges. Layer charge (x) = (0): 1.0, (A): 0.8
and (0): 0.6.
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Fig. 6. Photograph of the self-supporting film obtained from
thin flakes of the mica having layer charge of 0.6.
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Fig. 7. The temperature dependency of electrical resistance of the mica

ceramics having variable layer charges. Layer charge (x) = (®): 0.8 and (0): 0.6.
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