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klost oj the melts ancl glasses investigatecl crystallized i,;, volitme during 
heat treatment up to 1000 °0, 'l'he tendency to metastable separation, 
which precedes crystallization, increases with increasing MgO/Al,03 

ratio, The course oj crystallization oj the Zr02 phase, Mg petalite, solid 
solutions oj � -quartz and enstatite depends on initial composition, 
way oj treatment ancl crystallization temperature, 

Increasing crystallization temperature brings about decomposition 
oj Mg petalite and precipitation oj �-qitartz solid solutions. The com­
position region oj metastable Mg petalite was determined by means oj 
X-ray diffraction analysis.

INTRODUCTION 

The system MgO-AliO3-SiO2 comp_rises, in addition to the 11 known stable 
compounds (some of which may form,solid solutions),.also several metastable 
phases: solid solutions of /J-quartz '[l], osumilite [2) and Mg petalite [2], [3]. 

During heat treatment of glasses and melts, these crystalline phases may 
precede precipitation of stable phases and up to certain temperatures they 
may survive even for considerably kmg perioqs of time. 

Heat treatment of three�component glasses i_n this system results in surface 
crystalization only. Volmne cr3rstallization of suitáble phases can only be 
accomplished with the use ofnucleating agents. This method has been employecl 
in the preparation of glass-crystalline • materials of advantageous properties, 
e.g. on the basis of solid solutions of /J-quartz., ()(-cordierite, enstatite.

The chemical composition of Mg petalite is not yet lrnown; crystallographic
data and the conditions of its formation and transformation frequently differ. 
For this reason petalite has been paid special attention in the present study. 

The region of assumed composition of Mg petalite according to Schreyer 
and Schairer [2) differs from the composition considered by Varshal [4]. Both 
these regions are shown in Fig. 1. They are three-component composition 
regions where MgO/AliO3 > 1. However, with glasses containing ZrO2 as 
nucleant, Holmquist [3] and Conrad [5] succeeded in obtaining Mg petalite 
even from compósitions in which the ratio MgO/AlzO3 was equal to unity. 
Solicl solutions of /J-quartz and enstatite precipitated in most of the instances 
siniultaneously with Mg petalite. 

According to the results of Varshal [6] - [8], th1;ee-co111ponent glasses and 
TiO2-nucleated glasses, in which the MgO molar content was higher that 
the Al2O3 one, were subject to metastable separation which preceded crystal­
lization and affected precipitation of the crystalline phases. On the other 
hand, with ZrOi-nucleated glasses Neilson [13] has found no closer relation 
between metastable separation and the crystallisation mechanism. 

In the available literature, crystallisation has been brought about by heating 
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the base glasses within the Tg to '1.1L temperature r1ng3. A'.!::ording to the 
data in [9] - [11) there is a possibility of achieving v0lume crystallization 
and creating glass ceramics by controlled cooling of m elt3. 

The pre3ent study had the aim t:::> fJlbw ph1,se tr:1nsfornntions up to 
1000 °C for compositions in which the ratiJ M1O/Al2O3 > 1. 1'he nucleating 
agents employed were 6 m'.>l. % ZeO2 + 3 m)l % TiO2 in all the compositions 
examined. Orystallization was effected mo3tly by cooling the melts down to 
crystallization temperature, and in some in3tv.1ce3 (for the sake of cJmparison) 
also by heating the glasses up to the cryst:tllization tempera.ture region. 

EXPERIMENTAL 

Co mposit ion ancl preparat i o n  of the glasses  

As all the glasses in question contained the same amounts of ZeO2 and Ti 02 , 

they are further on designated only according the molar percent content of 
the basic components (e.g. 60/10/30 = 60 % SiO2, 10 % A\2O3, 30 % MgO). 

10 20 30 40 50 

Ai2C!;J [mol%] 
GO 

F'ig. 1. Composition oj the examined melts and glasses in a thťee-component diagram, 
in mol%; 
O clecti' glasses, 0 opálescent glasses, • white opaque glasses, () glass separated 
into two layers; A - metastable separation region according to Varshal [6], B - region 
oj glasses separated on cool·ing, according to Vm·shal [6]. The regions marked in the 
cl·iagram are the regions oj assumecl Jvlg petalite composition ([2] ancl [4]). 

Phase transformations in the comse of beat treatment were studied on 
12 different compositions, which are plotted in Fig. 1. The diagram shows 
that both regions considei'ed for Mg petalite composition are covered by the 
c01;n position range selected. 
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The glasses were melted from pure or A. R.- grade raw materials; ground 
and refined rock quartz was used as the siliceous component. The materials 
were melted in PtRh crucibles in an electric furnace under t4e following 
-conditions: 

glass charge 
melting temperature 

time of melting 

100 to 500 g 
1550 to 1620 °C (according 

to composition) 
7 to 1 O hours. 

The melt was agitated several times during melting in order to ensure its 
homogeneity. After melting the material was cast into the fonn of rods in 
a steel grate. 

He a t  t reatment 

In the case of melt crystallization, 6.5g of the glass was first remelted in a Pt 
boat above the liquidus temperature for a period of 20 minutes. The boat was 
then quickly transferred int,o the isothermic zone of another tube furnace 
heated at the crystallization temperature. After the required period of time the 
boat with sample was removed and cooled down in air. The rapid transfer 
into another furnace ensured stepless c::>0ling down of the melt to its crystal­
lization temperature, as has been verified by direct measurement. Equalization 
of the required crystallization temperature in the sample was achieved within 
about 2 minutes. 

In the case of glass crystallization a 6.5g sample in a Pt boat was placed 
in the same crystallization furnace heated at the required treatment tempera­
ture, and then cooled in air. 

The heat treatment temperatures were varied in the range of 800 to 1000 °C; 
the time of crystallization was in both cases counted from the moment of 
placing the sample in the isothermic zone of the crystallization furnace. 

X-ra y  diffractometry

The measurements were carried out on powdered samples ground under 
identical conditions, using the Rigaku-Denki diffractograph with mono­
chromatic CoK" radiation, scanning region e = 5 to 30 deg. 

For identification of the precipitated phases the determined d-spacings and 
relative intensities 1/10 were compared with ASTM standards. 

The heights of the main diffraction peaks of precipitated phases were deter­
mined as a measure of their relative content. 

Differential thermal analysis was carried out on the Netzsch apparatus. 
'The sensitivities employed were 1 mV and 0.05 mV, the heating rate 10 °C/min 
and 2 °C/min respectively. The ground samples had a gra.in size of 0.3 to l mm. 

Metastable  separat ion 

Some of  the glass samples exhibited metastable liquid separation, taking 
place during the cooling of the homogeneous melt down from its melting 
temperature. The critical immiscibility temperature of some samples was 
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high, e.g. with 65/10/25 it amounted to 1150 °0. In these cases the samples 
cast into the form of rods (3 to 7 mm in thickness) were whitish in colour or 
opaque. Phase separation could only be suppressed by extremely rapid 
quenching of small amounts of melt. 

In the ternary diagram in Fig. 1 the cornpositions examined are plotted 
together with specification of sample appearance after air cooling. As implied 
by this Figure, the tendency to separation decreases with increasing A12O3 

content at both constant MgO content (glasses 75/5/20, 70/10/20/, 65/15/20), 
and identical SiO2 content (glasses 65/5/30, 65/10/25, 65/15/20). 

For comparison, the diagram in Fig. 1 further shows the region of rnetasta,ble 
separation for the three components and 1000 °0 and the boundaries of 
three-component cornpositions sepa.rating on cooling according to Varshal [6].) 
A comparison of these results with our experimental ones shows that addition 
of the nucleants employed broadens somewhat the region of compositions 
separating in the course of cooling. 

Character ist ics  o f  the  precipitated crystal l ine  phases  
The following crystalline phases were determined by X-ray diffraction 

analysis in the crystallized samples: a ZrO2 phase, Mg petalite, solid solutions 
of /J-quartz, enstatite. 

In view of the low ZrO2 content in the glasses, only higher intensity dif­
fraction peaks could be identifiecl in the compositions in question. Their wiclth, 
in particular at the beginning of crystallization, allows to assume a very small 
size of crystals of this phase or a considerable degree of nonuniformity in the 
crystalline structure. 

The experimentally determinecl values cl and relative intensities 1/10 for 
11 he ZrO2 phase are listed in Tahle I. 

Table I 

The results of X-ray diffraction analysis 
of the ZrO2 phase 

d(Á) I/lo 

2,92 100 
2,53 21 
1,80 21 
1.51 14 
1.46 17 

A co mparirnn of the experimcntal values with tabellatecl data on known 
zirconi um compounds has shown that very similar values d ancl 1/10 are exhi­
bitecl b y  several phaEes, namely tetragonal ZrO2 , rnlid rnlutions of ZrO2 wit

11 

cubic or  tetrngcnal lattice, a1,d Z1TiO4 . 

Since the values determinecl for the main diffraction maxima did not permi 
their explicit idrntification, this crysta.Jline pharn is further called "the ZrOt 
phase". 2 

In literature [3], [5] wherc Zr02 was likewise useď as nucleant of volum 
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crystallization, the Zr02 phase is designated as "Zr0 2 solid solutions with 
a tetragonal or cubic lattice". 

Some compositions contained, after their crystallization, consideráble 
amounts of Mg petalite which constituted the main phase and coexisted only 
with the Zr02 phase. 

Evaluation of X-ray diffraction spectra of the crystallized samples yielded 
for Mg petalite the d and I/10 values listed in Tahle II, columns A and B. 
Column A pertains to Mg-petalite precipitated from glass containing 5 to 
10 mol % Al203. The composition which was closer to the connecting .line 
Si02 - MgO . Ali03, i.e. that for MgO/Al20; = 1, containing 15 mol % Al203, 
yielded Mg petalite with somewhat different d and I/10 values, which are 
listed in column B. Tahle II also lists literary X-ray data for Mg petalite. 

Table II 

The results of X-ray diffraction analysis for Mg petalite 

Schreyer and Holmquist [3] Values measured Schairer [2] 
" 

d [Á] I I/lo d [Á] 
I 

1/10 
I 

cl [Á] A I/lo I d [Á] B I/lo 

7.2 8 7.17 8 7.1 7 7.02 11 
4.08 8 - - - - - -
3.79 20 3.74 100 3.75 8 3.69 100 
3.69 100 3.66 90 3.66 100 3.63 95 

3.58 25 3.56 15 3.55 17 3.54 22 
- - 2.66 4 - - - -
2.55 11 2.54 8 2.59 5 2.54 7 
2.47 8 2.45 3 - - - -
2.39 8 2.38 5 - - - -
- - 2.10 2 - - - -

1.95 6 2.05 9 2.05 7 2.04 10 
1.90 5 1.91 3 1.91 6 1.91 7 

The comparison shows that similar differences in d and I /10 of Mg petalite 
also arise in the results by Schairer [2] and Holmquist [3]. The ratio MgO/Al203 
in the initial glass was larger,than unity in study [2] and equal to unity in 
study [3]. 

The c o u r s e  of  crystal l izat ion in  t erms o f  tempera.t ure  and 
c o m po si t ion  

The time of heat treatment was 30 minutes with all the sarnples. The 
crystallization was effected by cooling the rnelts down to crystallization 
ternperature. Apart from composition 45/15/40 all the melts investigated 
crystallized in volurne after having been cooled down to the respective suitable 
temperature of max. 1000 °C. The formed crystalline phases were determined 
in the crystallized products by of X-ray diffraction. The height I of the main 
diffraction peak of each phase was used as an index of its relative amount. 
The results are summarized in Fig. 2. 
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Crystal l izat ion of the  ZrO 2 phase  

The ZrO2 phase precipitated at  both the lowest and the highest crystallization 
temperatures with all the compositions. The amount of this phase increases 
proportionally with crystallization temperature. As indicated by Fig. 2 e.g. 
on compositions 45/10/45 and 60/10/30, the ZrO2 phase precipita,tes at lower 
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JJ'ig. 2. The coitrse oj precipitation oj crystalline phases in terms oj melt crystallization 
temperature and composition. Time oj treatment 30 minittes. Composition oj melts 
in mol % Si02/Alz03/ MgO: 
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1 - 45/10/45 2 - 45/15/40 
4 - 60/10/30 5 - 65/5/30 
7 - 65/15/20 8 - 70/10/20 

3 - 50/10/40 
6- 65/10/25
9 - 75/5/20 10 - 75/10/15 

I::,. Zr02 phase, O Mg petalite, • enstatite, + solicl solutions oj �-quartz. 
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temperatures than the other crystalline phases. In agreement with the results 
of study [12) it can be stated that ZrO2 phase is the first crystalline phase in 
the compositions investigated. 

Crystal l izat ion  of Mg  petal i te  

According to  the results in  Fig. 2, Mg petalite is the main crystalline phase 
in the material containing 10 to 15 % Al;iO3 and more than 50 % SiOz. 

The temperature dependence of precipitation for this phase is similar with 
most of the compositions ,in question. The amount of Mg petalite first increases 
to a maximum with increasing temperature, and then decreases. The decrease 
of Mg petalite content is accompanied by an increase in the content of ,8-quartz 
solid solutions; with some compositions (65/10/25) also enstatite is formed 
at higher temperatures. A comparison of the results in Fig. 2 further suggests 
that the crystallization temperatures at which the maximum Mg petalite 

10 20 30 40 50 

Al203 [ mol %] 

F'ig. 3. Jli etastable existence region oj Mg petalite; 

Gn 

O composition yielding Mg petalite by crystallization, x composition at which Mg 
vetalite was not detei·mined. 

content was achieved, increase with iricreasing Si02 content in the initial 
material. The height of this temperature is likewise affected by the molar 
ratio MgO/AliO3 in the initial material. The results in Fig. 2 (e.g. compositions 
70/10/20 and 75/10/15) indicate that with MgO/Al;iO3 approaching unity 
there increases the tendency of the melt to crystallization of ,8-quartz solid 
solutions. 

Analyses of the phase compositions ofheat treated samples allow to determine 
approximately the composition range of melts yielding Mg petalite during 
crystallization. This region is plotted in Fig. 3, and the relative quantitites for 
the individual compositions are distinguished by the size of the dots. 
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-The highest content of Mg petalite was determined in samples prepared by
crystallization of the melt 65/10/25. The kinetics of volume crystallization of 
this phase was studied in detail in [12]. The maximum crystallizátion degree 
attained the value of O. 72 at a crystallization temperature of 950 °C. 

Crystal l izat ion  o f  ,B-quartz  s o l i d  s o lu tions  

Solid solutions of ,B-quartz do  not crystallize from the material containing 
5 mol. % A]zO3 . According to the results in Fig. 2, with the exception of 
composition 45/10/45, the amount of this phase increases with temperature. 
The onset of crystallization is shifted towards higher temperatures when 
compared with Mg petalite. 

The increase in the content of ,B-quartz solid solutions mostly involved 
a decrease in the content of Mg petalite. An increasing content of the former 
was noted in relation to a shift of the initia.l melt composition to-wards the 
SiO2-MgO . Al2O3 line, i.e. closer to the composition of the crystals of this 
phase. This tendency is indicated in Tahle III. With most of the compositions 

1'able III 

Relative amounts of [:l-quartz solid solutions in terms of melt composition 

I I 

Crystalliz. 
Composition Main cliffr. I 

I
MgO/A.1203 

I
temperature 

[mol.%] poak intensity 
[OC] 

45/10/45 4.50 12 I 950 
50/ 10/40 4.00 34 1000 
65/10/25 2.50 139 1000 
70/10/20 2.00 57 1000 
75/10/15 1.50 264 1000 
65/ 15/20 1.33 230 950 

the highest content of ,B-quartz solicl solutions was found at 1000 °C with the 
exception of compositions 45/10/45 and 65/15/20 where the temperature was 
950 °C. 

As shown by Tahle III, ,B-quartz solid solutions crystallized even in compo­
sitions considera.bly far from the SiOz-MgO . AliO3 line. This can be explained 
so that crystalization is preceded by metastable liquid separation, where 
composition of separa.ted liquid phases differs from that of the initial melt 
above the critical immiscibility temperature. Separation taking place before 
crystallization was prov!3d by electron microscopy in study [12], and in the 
,case of TiOz-containing glasses in studies [7], [8]. 

The  course  of enstatite  precipitat ion 

The pyroxen crystalline phase was the main crystalline product in  low­
·silicate compositions (up to 50 % SiO2) and in those of 5 % Al2O3 content
(Fig. 2, composition 65/5/30). The amount of enstatite increased with increasing
tempera ture of crystallization.
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A cornparison of phase compositions of samples with 10 % AlzO3 (Fig. 2) 
suggests that the amount of precipitated ensbtitc decreases with increasing 
SiO2 content and the onset crystallization temperatures of this phase increa.se 
simultaneously. Similarly to the case of P-r1uartz solid solutions, enstatite was 
precipitated even from compositions quite removed from the existence region 
ofthis phase, a.s for example composition 75/5/20 at 1000 °0. This composition 
oxhibited a strong tendency to liquid separa.tion (Fig. 1). 

A comparison of  the courses  o f  crystal l ization b e tween m elt 
and glass  

Composition 65/10/25 was employed for this purpose. The temperatures 
.a.nd tiine of crystallization were the same for samples prepared by cooling 
the melt, as for those prepared by heating the glass to the crys�allization 
temperatnre. Use was made of glass separated by casting the melt into the 
form of dia. 8 mm rods and their free cooling in air, and of unseparated glass 
obtained by rapid quenching of small amounts of melt. After appropriate heat 
treatment the samples were subjectecl to X-ray diffraction analysis. The 
results and crystallization conditions are listed in Table IV. 

Table IV 

Comparison of mel(ancl glass crysrallization 65/10/25 composition, Time of cryst,allization 30 min. 

I Initial statc I Crystallization 

I Crystallinc phase, main peak intensity in mm I [OC] 

Clear glass 900 ZrO2- 21 
950 ZrO2 - 33, Mg pet. - 187 �-qnartz 

solicl solution - 22 

Separatcd glass 900 ZrO2 - 25, Mg pet. - 30 
950 ZrO2 - 38, Mg pet. - 226 �-qwntz 

I solid sol. - 8 
I 

I 

I
Melt, 900 ZrO2 - 44, Mg pet. - 210 

950 ZrO2 - 68, Mg pot. - 240 

The results in the Table indicate that the same phases are precipitated 
in the crystallization of both melt and glass. Only in the oase of glasses crys­
tallized at 950 °0 there was an additional minority content of p-quartz solid 
solutíons. 

On the other hand, the mutual differences in the amount of phases precipit­
ated from melt a,nd glass suggest that crystallization proceeds at its highest 
rate in melt, and a,t a higher ra.te in sepa.rated glass. 

Stabi l i ty  of  Mg petal i te  

Exa.mination of the course of crystallizati9n in  terms of tempera.ture (Fig, 2) 
showed that a decrease in the content of Mg petalite was in most cases • accom­
paniecl by precipitation of p-quartz solid solutions. 
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However, enstatite was also precipitated from composition 65/10/25. The 
following measurement was carried out in order to verify the assumption that 
high-temperature decomposition of petalite involves crystallization of p-quartz 
solid solutions. 

A low-temperature crystallization product containing considerable -amounts 
of Mg petalite was reheated at a higher temperature where it is already 
unstable. The final phase composition wa.s determined by X-ray diffraction 
analysis. The results are listed in Tahle V, an example of powder diffraction 
patterns is shown in Fig. 4. 

Table V 

Decomposition of Mg petalite at higher temperature 

Initial sample Fina! sample 

Treatment Crystalline Treatment Crystalline temperature I [mm] temperature. I [mm] 
and time phase and time phase 

65/10/25 Mg petalite 226 Mg petalite 85 
crystallized ZrO2 phase 38 1030 °C �-quartz ss. 61 
glass �-quartz. 30min. ZrO2 phase 44 

950 °C/30 min. 8 enstatite 15 

65/15/20 Mg petalite 133 �-quartz ss. 193 
crystallizecl ZrO2 phase 37 980 °C Mg peta.lite 83 
melt �-quartz ss. 16 90min. ZrO2 phase 56 
900 °C/30 min. 

According to these results, Mg petalite a.s a low-temperature crystallization 
product becomes unstable when heated at higher temperatures, decomposes 
and there arise solid solutions of p-quartz as phases more stable at the given 
temperature. If the crystallization is preceded by separation, then at low 
temperatures Mg petalite crystallizes from one liquicl phase, while at higher 
temperatures solid solutions of p-quartz are formed. The second separated 
phase is probably a somce of enstatite, as implied by a comparison of the 
phase composition of crystallizecl samples in Fig. 2 for the composition of 
10 ¾ Al2O3 and 45 to 75 mol ¾ SiO2 . 

Differentia l  thermal  analys is  

The conditions of formation and transformation of Mg petalite were also 
investigated by means of DTA on glass 65/10/25, at first at a heating rate 
of 10 °C/min. The DTA record shown in Fig. 5 yielded Tu = 712 °C, the 
first exothermic peak onset T1 = 820 °C, the second peak T2 = 1030 °C. 

-Fig. 4. A part oj X-ray clijj1·action patterns. Base glass composition 65/15/20. 1 - melt
crystallization at 900 °0, 30 minutes, 2 - change in phase composition oj sample 
clue to exposure oj sample 1 to 980 °0 for 90 minutes, P - Mg petalite, Z - Zr02 
phase, � - �-quartz solid solution. 
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1030°C 

10°C/min 

e20°c 

100 800 900 1000 I [°C] 

Fig. 5. DTA oj glass, composition 65/10/25, heating rate 10 °0/min. 

885°C 

2°C/min 

1088°C 

100 800 900 1000 1100 
I ("C] 

Fig. 6. DTA oj glass, composition 65/10/25, heating rate 2 °0/min. 
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X-ray diffraction analysis showed the :first DTA peak to correspond to
crystallization of the ZrO2 phase, the other peak to crystallization of /J-quartz 
solid solutions and enstatite. Immediately after attaining 1030 °C, only the 
ZrO2 phase was determined. This means that at a glass heating rate of 10 °C/min 
Mg petalite cannot form and at temperatures of about 1000 °C there crystallize 
directly solid solutions of /J-quartz, and enstatite. 

The DTA measurement was therefore repeatecl at a heating rate of 2 °C/min .. 
The DTA recorcl is shown in Fig. 6. X-ray diffraction analysis has shown 
that the :first minor thermal changes at 710-820 °C corresponcl to gradual 
precipitation of the Zr02 phase, the main exothermi� peak with its onset 
at 885 °C corresponding to crystallization of Mg petalite. The minor high­
temperature peak in Fig. 6 probably pertains to precipitation of /J-quartz 
solid solutions after previous decomposition of Mg petalite, or crystallization 
of enstatite. 

The heating rate of 2 °C/min is thérefore suf:ficient for the crystallization 
of Mg petalite. 

DISCUSSION 

The transformation of Mg petalite to /J-quartz solicl solutions observed 
in the present study is in agreement with ·the results by Holmquist [3) and 
Conrad [5). .The increasing amount of Mg petalite with increasing SiO2 content 
up to 65 mol. % within the region shown in Fig. 3, and the simultaneously • 
clecreasing enstatite content in crystallized products allow to assume that 
the composition of Mg petalite belongs to the higher-siliceous region, as 
suggested by Schreyer ancl Schairer [2). 

The samples corresponding to the assumed region accorcling to Varshal [4) 
contained enstatite as the rnain phase. 

Precise determination of Mg petalite was complicatecl by the fact that the 
compositions from which it crystallized in larger amounts separated prior to 
crystallization, in agreement with the results by Va.rshal [6), [7). 

The composition of the separated liquicl phases is unknown; however, 
according to the results of our measurements, Mg petrdite ancl /J-quartz solid 
solutions at higher temperatures shoulcl precipitate from a. liquid phase having 
a higher SiO2 content. 

The second separated phase with a lower SiO2 content may be the source 
of enstatite. 

Varshal, on the other hancl, assumes that the low-siliceous separated phase 
is the source of Mg petalite. Some of the disagreements may be dne to different 
effects of ZrO2 (usecl in [4], [5) and in the present study) on separation and 
nucleation (in particular on the composition of the separated phases) whe:n 
compared to the effect of TiO2 employed as nucleator in Varshaťs ·work. 

The differences in d and 1/10 of Mg petalite in Tahle II for crystallized 
sa.mples of various compositions suggest that the substance is probably 
a .solid solution. It is interesting that similarly to /J-quartz solid solutions, 
there were prepared samples containing Zn petalite and composed, MgZn 
petalite [10), [14), [15), [16). 

From the point of view of properties these phases are interesting in that 
by gradual substitution of MgO with ZnO in the initial composition the glass 
crystalline materials exhibit a continuous clecrease of thermal expansivity 
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from rx = 36 to 46x 10-1j°C for Mg petalite-based materials down to rx ~ O 
when MgO is totally replaced by ZnO. 

The differences in the crystallization rates of melt and glass are probably 
<lue to the fact that nucleation begins already during the cooling down of the 
melt to the crystallization temperature [12], [16]. 

The <lifferences observe<l in the rates of transforniation between separated 
and unseparated glass, obtained by different cooling rates, are probably the 
result of a similar effect. 

As the precipitated crystalline phases were identical in both types of glass, 
heating up of primarily unseparated glass to crystallization temperature prob­
ably again brings about separation preceding the crystallization proper. 

C ON CLUSION 

Most of the melts and glasses investigated crystallize in volume. It is possible 
to utilize single-stage treatment without tempering in the regions where 
nucleation alone prevails. The crystallization rate of melt is higher than that 
of glass of the same composition at the same crystallization temperature. 
The Zr02 phase (first crystalline phase), Mg petalite, /J-quartz solid solutions 
a,nd enstatite crystallize in that or<ler at up to 1000 °C. The course of their 
precipitation depends on temperature and initial composition. lVIg petalite 
is decomposed at increasing temperatures, ancl /J-qua.rtz solicl solutions are 
precipitated. 

The composition of Mg petalite is in the higher-siliceous region of about 
65 to 75 mol % Si02 in the ternary diagram; the substance is probably a solid 
solution. Precise cletermination ofthe composition ofMg petalite is complicated 
by metastable liquid separation taking place before crystallization, so that 
crystallization proceecls in separated liquid phases which have a composition 
different from that of the original homogeneous melt. 
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KRYSTALIZACE TAVENIN A SKEL V SYSTÉMU MgO-A!iO,-SiO, 
S NUKLEÁT ORY ZrO2 + TiO2 

Josef DUSIL 
Výzkumný a vývojový ústav technického skla, Praha 

V literatuře věnované krystalizaci v systému MgO-AI,O3-SiO2 je několik informací 
o metastabilní fázi Mg petalitu [2]-[5]. Mezi předpokládaným složením podle [2] a [5]
jsou rozdíly (obr. 1), podobně jako v údajích o podmínkách jeho tvorby a přeměny na
stabilnější fáze. Precipitaci Mg petalitu byla proto věnována hlavní pozornost.

Byla utavena skla, pro něž molární podíl MgO/Al2O3 > 1 (obr. 1). Pro docílení obje­
mové krystalizace bylo použito nukleátorů 6 mol. % ZrO2 + 3 mol. % TiO2 stejné pro 
všechna složení. Skla s nižším. obsahem Al,O3 byla opalescentní až bílá v následkem meta­
stabilního odmísení během ochlazení taveniny na vzduchu (obr. 1). 

Na základě údajú v [9], [11], [16] byla krystalizace prováděna přetavením primámího 
skla a rychlým ochlazením taveniny na krystalizační teplotu s výdrží po stanovenou 
dobu. Pro srovnání bylo použito i izotermní krystalizace skla. 

Kromě složení 45 SiO2 , 15 Al,O3 , 40 MgO (mol. % základních složek) všechny ostatní 
taveniny krystalovaly v objemu pl'i vhodné krystalizační teplotě clo 1000 °C. Výsledky 
práškové rtg. difrakční analýzy jsou na obr. 2. 

Prvou krystalickou fází byla ZrO2 - fáze (pravděpodobně tuhý roztok), experimen­
tálně určené d a I /I O jsou v tab. I. Rentgenografické údaje pro Mg petalit jsou v tabulce II. 
Ze složení s obsahem 10 mol. % Al,O3 (sloupec A) se vylučoval Mg peta.lit, jehož d a I/lo 
byly poněkud odlišné od téže fáze krystalující ze složení s 15 mol. % Al,O3 (sloupec B

tab. II). 
Okruh složení poskytujících při krystalizaci Mg petalit je na obr. 3, kde je rozlišeno 

i množství této fáze u jednotlivých složení. Obsah další fáze - tuhé roztoky (3- kře­
mene, vzrůstal s posunem složení ke spojnici SiO2 -spinel (tab. Ill). 

Z výsledkú v tabulce IV vyplývá, že krystalizace probíhá rychleji v tavenině než ve 
skle, rozdíly však byly i mezi sklem odmíseným a neodmíseným (připraveným drastickým 
ochlazením taveniny). PHčinou jsou pravděpodobně rozdíly v nukleaci, k níž dochází 
již v průběhu ochlazování taveniny [12], [16). 

Podle výsledků v tabulce V a obr. 2, 4 dochází za vyšších teplot k rozpadu Mg petalitu 
a precipitaci tuhých roztokú (3-křemene. Podmínky tvorby Mg petalitu při zahHvání 
skla byly sledovány DTA (obr. 5, 6). 

· Před krystalizací tavenin, které poskytovaly Mg petalit jako hlavní fázi, nastává
odmísení. Podle výsledků na obr. 2 a podle [12) je zdrojem Mg petalitu i tuhých roztoků 
(3-křemene (za vyšších teplot) odmísená fáze s vyšším obsahem SiO,, z druhé nízko­
k:fomičité fáze se vylučuje enstatit. Složení Mg petalitu je proto ve výše křemičité oblasti 
složení (cca 65-75 mol. % SiO,) podobně jako uvádí Schreyer a Schairer [2] a pravdě­
podobně jde o tuhý roztok. 

Obr. 1. Složení vyšetřovaných tavenin a skel v trojsložkovém diagramu v mol. %; O čirá skla,
@ opalescentní skla, • zakalená skla, O sklo rozdělené na dvě vrstvy; A -oblast metasta­
bilního odmísení podle Varšala [6], B - oblast složení skel odměšitjících při ochlazení podle 

Varšala [6]. 
Graficky rozlišené oblasti uvnitř diagramu jsou oblasti předpokládaného složení Mg petalitu 

podle [2] a [ 4]. 
Obr. 2. Pn"tběh vylitčování krystaliclcých fází v závislosti na teplotě krystalizace tavenin a na 
jejich složení. Doba zpracování 30 min. Složení tavenin v mol. % SiO2 /Al,O3/ MgO: 

1 - 45/10/45 2 - 45/15/40 3 -50/10/40 
4- 60/10/30 5 -65/5/30 6 - 65/10/25 
7 - 65/15/20 8 -70/10/20 9 - 75/5/20 10 - 75/10/15 

/1 ZrO, -fáze, O Mg petalit, • enstatit, + tuhé roztoky (3 - křemene.
Obr. 3. Metastabilní oblast existence Mg petalitu; O složení poskytující při krystalizaci 

v 

Mg petalit, x složení, u nichž nebyl Mg petalit zjištěn. 
Obr. 4. Oást záznami°t z rtg. difrakční analýzy pro složení skla 65/15/20; 1 -krystalizace 
taveniny při 900 °0 30 minitt, 2 - změna fázového složení po vystavení vzorkit 1 teplotě 
980 °0 90 minut, P -Mg petalit, Z - ZrO, -fáze, (3 - t. t. (3 -křemene. 
Obr. 5. DTA, složení skla 65/10/25, tychlost vzestupu teploty 10 °0/min. 
Obr. 6. D'PA, složení skla 65/10/25, rychlost vzestitpu teploty 2 °0/min. 

Silikáty č. 4, 1976 317 



J. Dusil:

HP I1CTAJIJIH3A�MH PACUJIABOB H CTEHOJI B CHCTEME 

MgO-AlzO,-Si02 C HATAJIH3ATOPA1\Ul HPHCTAJIJIH3A�HH 
Zr02 + Ti02 

ffo3ocJi ,JJ;yc1rn 

Hay•mo-11CCJI0/.l;OBaT0JibCl{IIÍÍ II rrpoernm,rů 11IICTIITYT 'l'0XIIll'J0CIWl'O CTemra, Upara 

B mITepaType no RpHCTaJIJI11aa1\111I IJ CHcTeMe MgO-A'20,-Si02 rrp11BOJ.IHTCJI HeROTOpl,[o 
p;aHHbI0 OTHOCHT0JibHO M0TaCTa6HJ!bHOH cpa3bl Mg rreTamrTa (2]-(5], HO Memp;y rrpen· 
IIOJrnraeMI,IM COCTaBOM cornacrro [2] 11 [ 4] HM0IOTCfI pa3JIH'IllfI (puc. 1). Hop;o6HI,IM o6pa30M 
pacxop;HTCfI ,a;aHHbie o ycJIOBH/IX ero o6pa30BUHH/I H rrpeBpall\0Hl1/I Il 60Jiee CTa6HJ!bHYIO 
qiaay. HoaTOIIIY B rrpllDOJ.IHMOJI pa6oTe yp;eJIH0TCJI rJiaBHOe BHHMamie Hp11CTUJIJill3aquu 
Mg rreTaJmTa. 

HpHrOTOBium paaHhre BI1/.lhl CTeI,JHl c MOJurpHhIM OTHOIIIeHneM Mg 0/Ah03 > 1 (pHc. t). 
,ll;JIII rroJiyqemrn ofrheMHOJÍ Hpl!CTUJIJIII3aJJI1!1 rrpHM0H/IJil1 rrnTamrnaTOpbl 6 MOJI. % Zr02 +
+ 3 MOJI. % Ti02, O)];HHlllWBbre /.l;JI/I Bcex COCTaBOB. CTerma C 6oJiee Hll3HHM cogepmaHHeM 

Al,O, OHU3UJil!Cb omurecqeHTHbIMH C nepexop;OM B 6eJibIH JJB0T B pe3)'JibTUT0 1110TUCTU6HJibHOro 
paccJioeHHII BO Bpe11111 oxJiamJ.1eH11n pacnJiaBa Ha B03J.1yxe (p11c. 1). 

CorJiaCHO /.l;UHIIh!M B [10], (t4] rrpODO/.l;HJUI Hp11CTaJIJIH3aq1uo rryTeM rrepe1rnaIJHH rrepBwr0 

Horo cTerma, pea1w oxJiamp;an pac1maB J.IO TeMrrepaTypu 1,p11cTaJimrnan1111 c ycTaHOBJieHrroi'I 
BbI,a;epm1wií. ,ll;m1 COIIOCTaBJI0IIH/I IIOJib30BaJIHCb TOlRe H30TepirnqecRoií Hj)MCTaJIJIH3aq11eií 
cTeHJia. Bce pac1mam,1, aa HCHJIIO•reHneM pac1rnaB0B, cop;epnrnrqHx 45 Si02, 15 Al,O,, 
40 MgO (MOJI. % OCHOBHb!X HOMIIOH0HTOB), Hp !!CTaJIJIJl3)'IOT B o6'beMe rrpH rrop;xop;mqei'I 
Te1111repaType HpHCTaJIJIH3UJJHll J.10 1000 °C. PeayJibTaTbl rropOIIIHOBOl'O peHTr0HOBCH01'0 
·p;HcppaIH\HOHIIOI'O aHaJIH3a rrpHBOJ.lfITCJI Ha p11c. 2. UepBOJI RIHICTUJIJUI3YIO!l\0H cpa30H OHa3r,1-
BaeTCfI Zr02 - cJiaaa (rrpaBp;enop;o6HO TBepp;uií: pacTBop ). 8HCII0j)HM0HTaJibHb!M nyTeM 
ycTaHOBJI0HHb!0 cpa3bl cl H 1/1- rrpHBO/.l;fITCfI B Ta6JI. I. PeHT1'0HOrpaqm•reCHHe p;aIIHLre 0THOCJI­
T0JlbHO Mg neTamITa np1rne,a;eHbl Il Ta6.11. II. Ha COCTaBa, cogeplRarqero 10 MOJI. % Al,O, 
(cToJ16 A) BLIJ.l0JIII0TCfI Mg rreTaJIHT, cl 11 1 I lo Hec1<0JibHO OTJrnqaroTCfI OT TOií me cpaabr, 1<pu­
CTaJimrnyron\eií H3 cocTaBa, cogepmarqero 15 MOJI. % Al,O, (cToJJ6 B B Ta6JI. II). HomrqecTBO 
COCTUBOB, p;arorq11x rrpn Rj)liCTaJiml3aqnH Mg neTaJmT, IIJ)HBO]:\IiTC/I Ha pne. 3, rp;e pa3JIH'Ia0TCH 
,a;alRe 1wm1qecTBO TOi{ me cpa3bl y OT)];0JibHLIX COCTaBOB. Cop;eplRaHue p;aJibH0HIII0H qia3LI -
TBepw,:ce paCTBOJ)bl (3-1rnapna, IIOIJL! lllaeTCJI Il 3aBJ1CHMOCTJ1 OT CM01l\0HHfI cop;eplRaH !IH 
I< coe]:\HHfI!Oll\eií rrpn111oií: Si02 - rnrrHHeJih (Ta611. III). Upn HpncTaJimrnaqnH pacrrJiaBOB 
H CT01{0JI C HH3HHM cop;epmamrnM Si02 BLip;eJIHJÍCH éJHCTaTHT Hal{ rJiaBIIaH cpaaa. 113 pesyJib­
TaTOB, rrpHBOp;HMb!X B Ta611. IV CJrep;yeT, 'ITO l{pHCTaJiml3aJJII/I B pacrrJiaBe rrpoTeHaeT 6LJCTpee 
'10M B CT01{JI0. Pa3JIJ1qnn B CHOpOCTH l{pHCTaJIJII13UJJHII 6LJJJH TaHme ycTaHOBJI0Hbl MelR,a;y 
pacc11oeHHb!M H HepaCCJI00HHb!M CT0ImOM (rro11y•reHH1,IM pe3HJIM ox11amgeHJ1eM pacrrJiaBa). 
IlpaB,a;erro,a;o6Hoň rrpil'!llHOH IIBJIHIOTCII pa3Jil1'IHH: B Hy1meaqnn, Ilj)OT0I<UIO!l\0H yme B0 Bp0MfI 
oXJialRJ.10HHn: pacrrJJaBa [12], (16].

CorJiaCHO peayJihTUTaM B Ta6JI. V n Ha pne. 2, 4 npn 6oJiee Bb!COHHX TeMnepaTypax 
rrpOHCXOJ.IHT pac·nap; Mg neTaJIJťra H RpHCTaJIJIH3aJJHII TB0pJ.1bIX pacTBOpOB (3-1rnapna. YcJIO­
BllfI o6pa30BUHHJI Mg ÍI0TUJIHTa rrpII HarpeBamrn CTemra 11CCJI0].\0BUJIHCb C IIOMOIJJblO ,ll;T A 
(pHc. 5, 6).

,ll;o HpHCTaJIJIJ13aJJl1H pacrrJiaBOB, ,a;aIOIJJHX Mg II0TUJJHT, I<OTopyro C'IllTaIOT OCIIOBHOH 
qiaaoií, npoxop;HT paCCJI00HJ1e. CorJiaCHO peayJibTaTaM Ha pne. 2 o corJiaCHO [12] IlCT01JIIJil{OM 
Mg rreTaJIHTa H TBep,a;r,Ix pacTBOpOB (3-1rnapua (nprr 6011ee Ilb!COHJiX T0MrrepaTypax) /IIJJIH0TCH: 
paC.CJIOeHHaJI cpaaa C 6oJJee �bICOl{HM couepmamreM Si02, B TO BpeMH J{al{ H3 cpa3bl C HH3ImM 
co,a;epmaHH0M l<Bapua BLI)];0JJH0TCH 9HCTaTHT. IloaTOMY COCTUB Mg rreTamITa HaXO)];llTCH 
B o6JiaCTH C 6oJiee Bb!COHiiM cop;epmaHJ10M 1rnapua (npH6JIII3HT0JlbHO 65-75 MOJI. % Si02 
11 npaBp;erro,a;o6no aTo TBep,a;hlŘ pacTBop). 

Puc .. 1. Cocmaa uccJ1,eaye.1ibix pacnJ1,aaoa u cme1.0J1, a mpex1.o.1i1ioueu11mo1'í auaepa,1Mie a ,,\toJl,. 0fo;
O - npoapa•mbie cmenJ1,a, EB - onaJ1,ecqenmHbLe cmenJ1,a, • - eJ1,ymenbie cmeh:J1,a, 
O - cmenJ1,o, paaaeJ1,enuoe na aaa CJ1,0.R,; A - 06J1,aCmb .1temacma6uJ1,bnoeo paccJ1,oenu.R, 
coeJ1,acno Baputaay [6], B - 06J1,acmb cocmaaa cme1.0J1,, y nomopbix npu OXJ1,a,1c8euuu 
coMacuo BapmaJ1,y [6] npoxoawn paccJ1,oenue. I'paifiu<iecnu o,nJ1,u'ia1014.uec.R, 06J1,acmu 
anympu auaepa,1MtbL npe8cmaaJ1,mom co6oi'í 06J1,ac11w npe8noJ1,aeae.1ioeo cocmaaa Mg 
ne,naJ1,WIW COMllCHO .r1,wnepamype [2] u (4]. 
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Puc. 2. ;Yoo 6b1,oeJ1,e11u.'t 1,;puc11ia1i1rn.•1.ec/i.11x if,as a Jaa11c11.1t.oc111 n om me.1ineprunypb1, 1,pu.c,naJ1,J1,U­
.sa1i,u.u pac11J1,aaoa. Bpe.,ut mep.1ioo6pa60111H11. 30 ,.1t,u.11„ Cocmaa pacnJl,aaoa e .At,0JI,. 0/o
Si02/AbO,/MgO: 
1 45/10/45 
4 - 60/10/30 
7 - 65/15/20 

10 - 75/10/l5 

2 
6 
8 

46/15/40 
65/5/30 
70/10/20 

3 
6 
9 

50/10/40 
65/10/25 
75/5/20 

I'::,, - Zr02-cpa3a, O - i\Ig nema.w111, e - a11,cma.,nu,n , + - nwepobie pacmaopbt 
�-,,:aapii,a.. 

Puc. 3. 1Hemacma6uJ1,u/UUI, 06,11,a.cmb cyu1cc111aoaa.1w,rr, ?.[g nc11w,11,wna: O - cocTaB, oa.lOUfUU 
npu. ,;puc11iaJ1,,11,uaa1fl1,u Mg 11e111.a.,11,u.m, X - cocma.a, y ,,:omopoao il'[g nema.iu.m 11,e 6M,11, 
ycma1wa,11,en. 

Puc. 4. Pen111ae1wapa.11„11,ui 811 .. ri cocma.ea 65 /15 /20; 1 - 1i.pu.cma1i,1iriaa1i,u.ri pacn,11,aaa npit 
me.wiepcunype 900 °C, ape.At.fl, 30 .1iu.H., 2 - 11a.11.enenue cocmaaa if,aa npo6bi 1, nooeep­
aae,,wií. me.,11,nepamype 980 °C ao epe.wi 90 .1w1t., P - Mg ne11w,11,u.m, Z - ZrO,-if,aaa, 
� - maepouií pctcmeop �-1.aap1i,a. 

Puc. 5. /{TA, cocmaa cme,;,11,a 65/10/25, c1.opoc111b noo7.,e,ua 111e.1i11epamypu 10 °C/.1,iu1t. 
Puc. 6. J{T/1, C0C!nllll ClnC/o'Jl,ll 65/10/25, CliOJJ0Cl/lb 1/.00'bC,\la 111.C.\tllCJJCllll)jJJbi 2 °C/,IW.H. 
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