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Melts based on the K or Ba flourphlogopite depending on their
composition can behave either like conventional glasses respec-
tively glass-ceramics upon reheating, or as fusion cast ceramics.
For some specific compositions belonging to the latter group, the
addition of MoQOgs, ZrO5 and SiC has been studied. MoQOg is se-
lected because it is known to promote homogeneous nucleation by
lowering the surface energy difference between melt and crystals.
Zr05 and SiC are selected because they are classical nucleation
catalyst in many glass-ceramic systems. It is shown that these
additives substantially reduce the crystallization rates and also
cause concomitant changes in the resulting ceramic microstruc-
tures and thermo-mechanical properties of fluorphlogopite fusion
cast ceramics. Both effects are interpreted as a consequence of
increased melt viscosity.

Keywords: fluorflogopite, fusion cast ceramics, glass-ceramics, nu-
cleation catalyst, surface energy.

1. INTRODUCTION

There are two techniques to produce ceramic materials starting from a
homogeneous undercooled melt: fusion casting or devitrification of the already
formed glass. The first technique is more general and the most practical way to
produce the high refractory ceramics which are the basis of high temperature
furnace construction [1, 2]. The latter process incorporates devitrification and

*Corresponding author.

DOI: 10.7546/EngSci.LV.18.03.02

© WNuxenepun naykwu, rox. LV, 2018, Ne 3 16 © Engineering Sciences, LV, 2018, No. 3



uses the principles of the induced and controlled crystallization of glasses and
production of glass-ceramic materials.

Fusion cast ceramics can also be made from basalts, different metallurgical
slags and stoichiometric fluorphlogopite melts [3]. However, coarse crystals
tend to form perpendicular to the mold interfaces and internal pits and voids
are produced in castings due to difficulties in forming and control of crystal-
lization [1, 2].

Melts based on the flour micas, depending on their composition, can behave
either like conventional glasses respectively glass-ceramics upon reheating, or
as fusion cast ceramics, i.e. as materials that have been melted and then
crystallized directly upon cooling or casting into a mold.

In contrast with mica glass-ceramics, F-mica fusion cast ceramics, however,
tend to form coarse crystals perpendicular to the mold interfaces and internal
pits and voids are produced in castings due to difficulties in forming and control
of crystallization [1, 2].

Whether the crystallization process is controlled, as in the glass-ceramics,
or uncontrolled as in the fusion cast ceramics and uncontrolled devitrification
process, depends on the viscosity of the melt, the number and location of the
crystallization centers as well as on the extent of overlapping of the nucleation
and crystal growth rate curves.

The most important single factor, however, determining controlled crystal-
lization and the largely different microstructures and properties of fusion cast
ceramics as compared with glass-ceramics, is the viscosity change during crys-
tallization. Whereas the controlled nucleation, in the glass-ceramic process,
normally takes place at viscosities greater than 10 dPa-s (usually between 10°
and 10'? dPa-s), cast ceramic materials crystallize as a rule from very fluid
melts, i.e. at a viscosity normally less than 10° dPa-s [1, 2]. Under these
conditions, grain size and microstructure cannot be controlled properly, and
various stages of nucleation and crystal growth cannot be “frozen in” to permit
the use of convenient methods of examination. That is why only modest ef-
forts have been made to investigate crystallization of the fusion cast ceramics,
while for glasses and glass-ceramics a large number of contributions on this
subject have appeared in the world-wide ceramic literature during the past
few decades [3-10]. The existing observations in this field concern as a rule
either pure technological experiments, on the influence of some additives on
the grain size and processes of coarsening (or refining) of fusion cast ceramic
bodies, or some traditional mineralogical investigations for determination of
crystal phase segregation sequence [11-18].
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This is somewhat unexpected, since the fluid melt of a mica fusion cast
ceramics is a very convenient medium for fundamental studies of spontaneous
crystal growth of a super cooled liquid and for the observation of the influence
of some additives on the “pure” crystallization of a melt. In particular in the
case of phase segregation of F-mica crystals there are some possibilities for a re-
liable experimental verification of the action of certain glass-constituents such
as: MoOgs, V505, WO3, SO3, AsoOg, etc. that promote homogeneous crystal
nucleation by lowering the surface energy difference between the embryo crys-
tals and the mother phase. These possibilities of enhancing of nucleation are
well known from previous experiments [19]. These investigations, however, do
not give the possibility to decide whether the action of these surfactants is a
result of the inhibition of the crystal growth or of the increasing nucleation
rate by lowering the surface tension at the crystal/melt interface.

On the other hand, it will be also of interest to examine the action of some
“classical” catalysts for glass ceramics as ZrOy and SiC [20, 21] in a fusion
cast ceramic medium.

Thus, the objective of this paper is to answer if MoO3 added acts as nu-
cleation catalyst and how zirconia and SiC influence the crystallization of a
fusion cast ceramics of the F-mica type.

2. EXPERIMENTS

In the first series of experiments two fluor-mica systems are studied: I —
with a potassium fluorphlogopite KMgs(SigAlO19)F2 and II — with a barium
fluorphlogopite BagsMgsSigAlOgF2 as main crystalline phases segregated in
the fusion cast ceramics.

Three weight per cents (%) MoOgz, 10 and 15% ZrOs as well as 10%
ZrOsintroduced by ZrF,4 are additionally added to the K-fluorphlogopite batch
composition (sample No 1) to give samples No: 2, 3, 5, and 4; 6% MoOs is
added in the Ba-fluorphlogopite system (sample No 6) to give sample No 7
(see Table 1).

Fluorphlogopite fusion cast ceramics with two different base compositions
(1 and 6) and varying in MoO3 and ZrOs-contents are melted in platinum
crucibles at 1500 °C for 1.5 h with simultaneous stirring. Each melt is poured
into a sand casting mold to give cylindrical (d = 1.8 cm, h = 68 cm) samples
as well as in water for some quantity glassy frit.

In the second series some compositions from the isomorphous line
KMgs(SizAlO10)F2-KMgs(Sis 75010)F2 are investigated. Five weight percent-
ages SiC are introduced into the compositions above 100%.
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TABLE 1. Chemical (oxide/batch) compositions of the two investigated samples

K-fluor- K-fluor- Ba-fluor- Ba-fluor-
Components pl-llogopite phlogopite pllllogopite phlogopite
oxide comp. batch comp. oxide comp. batch comp.
in [wt.%] in [wt.%] in [wt.%] in [wt.%]
SiO4 37.54(41.22) 32 33.89(38.62) 34.86
Al O3 10.35(11.54) 11 13.17(10.92) 13.10
MgO 26.34(27.65) 28 31.32(25.90) 30.50
K>O 11.67(10.80)
BaO 16.04(16.43)
MgFq 2.67
KsSiFg 29
BaF, 18.87
F 14.10(8.80) 5.57(8.13)

4x10?

0

<1073 (counts/s)

a

Fig. 1. Powder diffraction dates of the K-fluor phlogopite samples as fusion
cast ceramics: (a) “pure” K-fluor mica~-sample Nol; (b) +3 wt.% MoQOg, sample
No 2; (¢) +10 wt.% ZrOg, sample No 3; (d) +10 wt.% ZrOg introduced like
ZrF4, sample No 4; (e) +15 wt.% ZrOs- sample No 5; (d”) +10 wt.% ZrOo
introduced by ZrFy, sample taken from the bottom part of the crucible
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The crystalline phase content in the fusion cast ceramics and in the frits is
examined by X-ray Diffraction Analysis (XRD) using one and the same sample
quantity and the same sample holder, Fig. 1.

The reflection light micrographs are prepared by standard techniques and
investigated by means of Energy Dispersive X-ray micro analysis (EDX) in
a Philips CM-12 SEM with an EDAX-9800 spectrometer. Reflection light
micrographs are obtained from the polished surfaces of the samples before
EDX investigations.

3. RESULTS

Table 2 points out the chemical analysis of the fluorine content of the
mica molten ceramics. It is seen that all samples under investigation are
characterized with relatively low fluorine losses.

According to XRD analysis the main crystalline phases precipitated in the
“pure” compositions (without additives: MoO3 and ZrO,) are: K-fluorphlogo-
pite [KMgs3(AlSi3O19)F2 and barium fluorphlogopite [BagsMgs(AlSizO19)F2]
as well as some small amounts of barium magnesium aluminum fluoride
[BaMgs(AlySisO19)F2]. In addition, very small and broad XRD-reflections
from the ZrOy, forsterite (2Mg0O.SiO3), K2ZrSi;O7, and KMgF3 are detected
in the K-fluorphlogopite compositions with zirconia and ZrF,. On the other
hand, XRD peaks of MoF3, MoOg, and BasMoO3F, appear, most of which are
overlapped by the main Ba-mica XRD-reflections. The XRD peak intensity
I, which is proportional to the quantity of the mica crystal phase, decreases
with increasing ZrOs and MoOg content. Obviously, ZrOs and MoOg in the

TABLE 2. Fluorine content of the investigated samples

Samples No 1 | 2 | 3 | 4 | 5 6 | 7
Potasium — fluorphlogopite compositions ﬂuorpll?lao_ gopite
. +10wt .
Compo- WlthO'ut +3wt. | +10wt. % 710, +15wt. Wlthqut +6wt.
ents addi- % % like % addi- %
tives MoO3 ZrOs ZiF, ZrOs tives MoO3
F content
[wt.%)]: 14.0 13.70 12.81 12.81 12.25 5.57 5.25
by synthesis
by analysis 12.10 11.94 11.68 6.27 9.35 5.35 5.39
F -losses 2.0 175 | 1.13 6.54 2.90 0.22 | —0.14
[wt.%]
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fusion cast ceramics had a negative effect on the crystallization of K and Ba-
fluor-mica in contrast to the case of glass-ceramic materials.

It is a little bit unexpectedly bearing in mind that the ZrO, and MoOg
are perhaps one of the best known practical examples of oxide nucleation cat-
alysts in the glass and glass-ceramic materials. It has to be noted, however,
that nucleation additives (ZrO2 and MoOs3) enhance at some extent the crys-
tallization ability of the K-fluorphlogopite glassy frit samples as in the case of
the glass-ceramic materials.

So, it has to be supposed the increase in the viscosity of the fluor-mica
undercooled melt near the 77 due to the MoOs addition. Because of the
high temperature of crystallization (close to 1400°C) it was impossible for
us to have some direct measurements of the viscosity near the melting point.
Bearing in mind, however, the metal-like pouring of the melt into the casting
mould, we suppose that the viscosity at T} of the potassium fluor-mica liquid
(sample No 1 under investigation) should be of the order of 107" (dezi) dPa-s
(cf. that molten metals have viscosity of the order of 1072 dPa-s [22]) and
that the addition of MoOgs and especially of ZrOy would strongly increase it.

Figures 2—6 show reflection light images of the microstructure of compo-
sitions 1, 2, 3, 4, and 5. Mainly sheaf-like mica spherulites are present. The
width of the sheaf-like spherulite crystals decreases with increasing MoO3 and
ZrOy content (i.e. the fern-like crystal sheaves grow thinner with the addition

Fig. 2. Reflection light micrograph of polished
sample of “pure” K-fluorphlogopite composition
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Fig. 3. Reflection light micrograph of polished
sample of K-fluorphlogopite composition
with 3% MoOs3 additive

Fig. 4. Reflection light micrograph of polished
sample of K-fluorphlogopite composition
with 10% ZrO4 additive
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Fig. 5. Reflection light micrograph of polished
sample of K-fluor-phlogopite composition
with 10% ZrO4 additive introduced as ZrF4

Fig. 6. Reflection light micrograph of polished
sample of K-fluorphlogopite composition
with 15% ZrO4 additive
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of MoO3 and ZrOs) giving needle-like aggregates in some samples containing
ZrO5. In other words the spherulite rays change from sheaves to needles with
the increasing viscosity of the melt [23]. Spherical ZrOs crystals about 1pm
in diameter are crystallized like pearls embedded in the mica plates, Fig. 2.

It is worthwhile to note that the composition No 4 (the sample with ZrFy)
is characterized with relatively high content of glassy phase and has the mi-
crostructure of the glass-ceramic material (Fig. 5).

The barium mica compositions (samples No 6 and No 7) have a quite
different microstructure (Figs 7-8). The highly crystalline and interlocking
aggregates of needle-like Ba-mica sheet crystals give the samples higher me-
chanical strength compared to No 1, but a relatively lower machinability. The
sheaves of mica are clearly recognizable (Fig. 8), whereas the spaces between
the sheaves according to EDX-measurements yield a composition of a relatively
lower Ba-content.

Figure 9 shows some reflection light micrographs of different mica spheruli-
tes. The microstructure of the K-fluorphlogopite with 5% SiC additive is much
more finer.

The chemical composition of the K-fluorophlogopite with 5%SiC additive
is shown in Table 3.

Fig. 7. Reflection light micrograph of polished
sample of “pure” Ba-fluorphlogopite
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Fig. 8. Reflection light micrograph of polished
sample of Ba-fluorphlogopite with 6% MoO3 additive

TABLE 3. Chemical composition of the K- fluorophlogopite with SiC as additive

Components Chem. comp. wt.%
KO 11.32
MgO 26.42
Al O3 11.13
Si04 40.67
Fs 10.40
SiC 5.00

TABLE 4. Characteristic properties of K- fluorophlogopite with 5% SiC as additive

Properties Value
Apparent density, g/cm? 2.80
Mohs hardness 3
Compressive strength, MPa 72
Bending strength, MPa 21
Coeff. of thermal expansion, x107°% deg™! 9.50
25 © Engineering Sciences, LV, 2018, No. 3
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Fig. 9. Reflection light micrograph of polished
sample of K-fluorphlogopite with 5%SiC additive

The silicon carbide is introduced into the composition as a modifier of
the crystallization and for improving the physico-mechanical properties of the
material (Table 4).

4. DISCUSSION

The influence of MoO3 and ZrO, on the crystallization behavior is found to
be quite different in all fusion cast ceramics investigated, compared to the case
of glass-ceramic materials. In all cases the addition of these oxides decreases
the crystallization rate and increases the content of the glassy phase.

It is due to two factors: (i) a relatively higher viscosity of the melt at the
temperature of the fastest overall crystallization rate caused by the addition of
MoO3 and/or ZrO2 and (ii) the redistribution of the matrix glass composition
required for crystallization.

A higher viscosity results in a lower crystallization rate, a lower critical
cooling rate and hence a higher content of the glassy phase [24]. The second
condition, the redistribution of glass matrix, draws attention to melt compo-
sitions, which differ appreciably from those of the respective crystalline phase
(in the cases considered here melts with MoO3 and ZrOg). This second con-
dition is in accordance with the long-time practice of glass technologists who
in formulating glass compositions often provide a multicomponent mixture of
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materials; this mixture or melange aspect is undoubtedly favorable for ease of
glass formation.

ZrF4 decreases K-fluor mica formation and crystallization more substan-
tially than ZrOs.The final phases in the composition, which contains ZrFy,
are: mica, ZrOy (badellite), forsterite, KoZrSiaO7, KMgF3, and much residual
glass phase.

K5SiFg, as a batch constituent, considerably decreases the fluorine losses
of the molten materials prepared with it, which implies that a relatively large
amount of the SiF4 does not evaporate from the melt. When the formation
of the readily volatile gaseous SiF4 occurs in the thermal decomposition of
K3SiFg, silicon (from SiF4) would immediately prefer the oxygen bond, form-
ing SiO4, thus making the liberated fluorine available for monovalent alkali
metals [25].

It seems that mica crystals grown in a relatively more viscous medium (e.g.
Ba-fluor-phlogopite melts, ZrOs and MoOs containing K-fluor-mica compo-
sitions) generally display a morphology more restricted in one direction (i.e.
needle like) than those formed in a fluid environment of pure K-fluor-mica
melt. The kinetic difficulty of transporting mica-forming species (large dis-
tance through a semi-rigid network) is responsible for the latter observation.
It is worth noting that the mechanical strength in particular is generally higher
for the Ba-mica systems whereas the machinability is relatively lower than in
the case of K-mica compositions.
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Pestome. B 3aBucuMocT 0T TeXHUsT ChCTaB, CTOMMJIKUTE HA OCHO-
Bara na K wim Ba dyop cioan, npu moBTopHO HATrpsiBaHe, MOTaT
Jla Cce OTHACST WM KATO KOHBEHI[MOHAJHHU CT'bKJIA, PECIIEKTUBHO,
CTBKJIO-KEPAMUKHN, MJIK KATO TOIEHO JIETH KEPAMUKU. 3a HIKOU
crierupUIHA ChCTaBU, IPUHAJIEXKAIN K'bM [IOC/IeIHATA I'PYIIa, €
uscaeaBaHo BausHueTo Ha nob6aBku or MoOgz, ZrOs u SiC. MoOg
e n30paH, 3al0TO € U3BECTHO, Y& TONH MHUINAPA XOMOI'€HHO 3ap0-
JMIIOOOpasyBaHe Upe3 HaMAaJIABaHE Ha PA3JIMKHUTE B IOBbPXHOC-
THUTE eHepruum Mexkjy cronujikara u kpucrajia. ZrOs; u SiC ca
n3bpaHu, 3aI0TO Te Ca KJIACUYECKH KaTau3aTOPU HA 3aPOJIMINO-
o0pa3yBaHeTO B MHOI'O CT'bKJIO-KepaMu4yHu cureMu. 1lokasaHo e,
ye Te3u J00aBKU CHIIECTBEHO HAMAJISABAT CKOPOCTUTE Ha KPHC-
TaJu3alus U, CbIIO TaKa, IPUYUHIBAT CbI'bTCTBAINM IPOMEHHU B
[IOJIyYeHaTa KEPAMUYHA MUKDPOCTPYKTYPa M TEPMO-MEXaHUYHUTE
OTHACsIHUSI Ha, (PJ1yopdJIOronuTHUTE TOIEHO JIeTH KepaMmuku. J[Ba-
Ta edekTa ca WHTEPIPETUPAHU KAaTO CJIeJICTBAE HA IOBUIIEHUS
BU3KO3UTET HA CTOIMJIKATA.

Karouwosu dymu: dayopdioronnr, TONEHO JeTH KEePaMUKH,
CTBKJIO-KEPAMUKH, KATAJIM3aTOP Ha 3aPOAAIIo00pa3yBaHe, HOBbP-
XHOCTHA, €HEPI'Us.
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