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THE ROLE OF IMPURITIES IN THE HIGH-TEMPERATURE
TRANSFORMATIONS OF SiO,

Abstract. The effect of impurities on the melting of vein quartz and rock crystal and on their
transformation to cristobalite was studied. The change of quartz into cristobalite always occurs
through a transitional phase. The presence of alkalies and alkaline earths promotes the formation
of the transitional phase and subsequently, the crystallization of cristobalite. The isomorphous
substitution.of Al3+ for Si** accelerates the formation of the transitional phase, inhibiting simulta-
neously the crystallization of cristobalite. The higher the total content of impurities, the more rapid
si the formation ot silica melt and the lower is the temperature at which it forms.

INTRODUCTION

From the earlier studies of phase transformations of SiO, it is known that the
formation of cristobalite proceeds through an amorphous transitional phase of
a density of about 2.3 g/cm?. The content of this phase initially increases with the
prolonged heating time and then decreases. This has been demonstrated by Roberts
(1959, 1961), Chaklader (1963), Sanmoy Mitrd (1977) and other investigators who
studied the kinetics of transformation of very pure rock crystal varieties to cristo-
balite at different temperatures.

Silica glass can be melted both from high-temperature cristobalite and directly
from quartz, without its changing into cristobalite (Mackenzie 1960). According
to PrianiSnikov (1971), quartz does not pass into the melt directly but through an
amorphous transitional phase.

It is generally known that both the mechanism and kinetics of the above pheno-
mena depend on the kind, amount and distribution of structural impurities in quartz.
Up till now, however, no systematic or extensive studies of this problem have been
made.

The progress of high-temperature phase transformations of SiO, determines the
quality and properties of silica glass (Stoch, Eaczka, Kucharski 1981). The present
authors investigated the factors affecting the crystallization of cristobalite and the
formation of silica melt during the heating of natural quartzes showing varying
degrees of chemical purity.

*Institute of Building Materials and Refractories, Academy of Mining and Metallurgy in Cracow
(Krakéw, al. Mickiewicza 30).
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EXPERIMENTAL

The studies of high-temperature phase transformations of silica were carried
out on rock crystals and vein quartzes. They were four varieties of rock crys.tal. of
the trade names of Angola, Watanabe and Telequartz — green and req varieties,
and Polish quartzes from Lower Silesia (Wadroze Wielkie, Rozdroze Izerskie, Oleszna
Podgorska, Taczalin, Lesna, Podgérzyn, Jarnottow). : .

The samples were first broken up by the method of thermal shocks, mvolymg
twice repeated calcination at 700°C, and then mechanically. The 0. 1—0.§ mm fraction,
as the one used for the melting of silica glass, was subjected to investigations.

In the case of vein quartzes, the 0.1—0.5 mm fraction was subjected to chemicgl
treatment. The process involved hot treatment of samples in 18% hydrochloric
acid for 6 hours and in oxalic acid for 3 hours.

All the quartz samples, both treated and untreated, were analysed for trace im-
purities, using AAS method. The results are presented in Tables 1 and 2.

The studies of transformation of high-temperature quartz to high-temperature

The content of impuri

Impurities (in ppm)
Quartz variety Ca0 MgO | ALO, Na,0
| iadi

Angola 89 | 1.6 16.5 1401
Watanabe 1.3 1.0 19.0 11.0
Telequartz green

variety 8.0 1.0 34.0 16.0
Telequartz red variety 1.6 1.0 7.0 13.0

The content of impurities in untreated (a)

Impurities (in ppm)

Quartz variety °
o CaQu it torrdMEDy mithaih ALOR
Wadroze Wielkie a 28 6 380
b 14 3 113
Rozdroze lzerskie a 28 32 570
b 14 16 i
Oleszna Podgorska a 84 39 180
b 56 33 180
Taczalin a 140 66 1900
b 42 66 1140
Le$na a 56 84 1880
b 28 33 1300
Podgorzyn a 14 8 190
b 14 5 171
Jarnoltow a 140 100 188
b 140 66 188

cristobalite were carried out at 1500°C in a superkhantal electric furnace. The sam-
ples were heated at this temperature for different lengths of time, from 0.5 to 16
hours.

The process of formation of silica melt was investigated by heating the samples
at 1350, 1500, 1650 and 1750°C in a Baltzers vacuum furnace and “freezing’ the sta-
ges corresponding to respective temperatures by rapid cooling.

The heating products were subjected to quantitative phase analysis for the content
of quartz and cristobalite, using DTA method and calibration curves. Standard
mixtures were made from the given quartz variety and standard cristobalite. The latter
was obtained through crystallization of silica glass.

Thermal analysis was made with an F. Paulik Q-1500 derivatograph. The heights
of DTA peaks of f— o quartz transformation at 573°C and B — a cristobalite trans-
formation at 230—240°C were used to estimate the content of quartz and cristo-
balite.

Thin sections were made from selected samples and investigated in a polarizing
microscope.

Table 1
ties in rock crystals
Impurities (in ppm) R,0+RO
K,0 7 ol A Total ALO,
|
1.0 5.6 4.5 47.4 1.6
1.0 9.0 2.0 44.3 }-2
1.0 9.0 3.0 72.0 1.0
19.0 2.0 .4 46.6 3.2
Table 2
and purified (b) vein quartzes
Impurities (in ppm) R,0+RO
Na,0 o B T o Total ALLO;
40 48 2 140 644 00
40 48 1 43 262 X
125 60 6 28 859 0.4
54 48 10 14 533 i
400 60 2 37 816 13
400 48 1 28 746 3
810 240 64 100 2610 0.9
675 120 64 57 2164 x
94 1200 6 285 3605 5o
80 1080 8 28 2757 s
13 24 21 14 284 0.2
13 12 21 14 240 X
130 360 21 140 1079
2.9
130 240 21 71 859
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RESULTS

a quartz—a cristobalite transformation

The phase analysis of samples heated at 1500°C shows that all the quartzes chgnge
into cristobalite, but the course and progress of this transformation differ widely
for individual quartz varieties.

The results of phase analysis are presented graphically as a plot of the percentage
of crystalline phases against heating time. In all cases the total content of quartz
and cristobalite is less than 100%. Asin earlier studies, it has been assumed that the
complement to 100% is a phase failing to display DTA peaks, referred to as “transi-
tional” phase. Changes in the content of this phase are indicated on the plots by
a broken line.

The plots in Fig. 1 illustrate changes in the content of individual phases with heat-
ing time for rock crystals: Watanabe and Telequartz — green and red varieties.
As is evident from the plots, the formation of cristobalite is always attended by the
appearance of the transitional phase. In Watanabe and Telequartz (green variety
quartzes) the content of this phase increases at the same rate as that of cristobalite,
and after 10-hour heating the content of the two phases attains a value of a dozen
or so per cent. A similar behaviour has also been observed for Angola rock crystal.
It appears, therefore, that the degree of transformation to cristobalite is in these
quartzes insignificant.

The transformation of Telequartz (red variety) proceeds differently. Its heating
causes a rapid increase in the content of transitional phase, which attains its maxi-
mum after 8 hours. From this point, the content of cristobalite also begins to increase
rapidly at the expense of the transitional phase. This shows that cristobalite forms
through crystallization of the transitional phase.

A much greater amount of transitional phase forms during the heating of vein
quartzes compared with rock crystal. However, the ability of the transitional phase
to crystallize into cristobalite is different for individual quartzes. In this respect,
the vein quartzes under study can be divided into three groups:
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Fig. 2. The content of quartz, cristobalite and transitional phase in vein quartzes heated
at 1500°C

1 — vein quartz from Wadroze Wielkie, 2 — vein quartz from Rozdroze Izerskie, 3 — vein quartz from Oleszna Podgérska

— quartzes showing a strong tendency to change into cristobalite (Wadroze
Wielkie, Lesna, Jarnottow);

— quartzes having a very weak tendency to change into cristobalite (Rozdroze
Izerskie, Podgérzyn);

— quartzes showing intermediate behaviour (Oleszna Podgérska, Taczalin).

Plots of the content of phases vs. heating time, characteristic of the respective
groups, are presented in Fig. 2. The plots were obtained for untreated vein quartz
samples. As appears from plot 1 (quartz from Wadroze Wielkie), a substantial amount
of transitional phase already forms after 2-hour heating. As the heating time is
prolonged, the content of this phase decreases while the content of cristobalite increa-
ses rapidly, attaining a values of about 80%. The curve of the transitional phase con-
tent obtained for quartz from Rozdroze Izerskie (plot 2) attains its maximum after
10-hour heating. Even after 12 hours the amount of crystallized cristobalite is small,
of the order of a dozen or so per cent, and does not show any tendency to increase.
In the case of quartz from Oleszna Podgérska (plot 3), the maximum content of
transitional phase has been noted after 6-hour heating, and the maximum amount
of crystallized cristobalite is about 50%.

In quartzes showing a strong tendency to change into cristobalite, the partial
removal of extra-structural impurities during acid treatment had an inhibiting effect
on the crystallization of cristobalite. This is illustrated by plots in Figs. 3 and 4,
showing changes in the content of phases during heating of quartzes from Le$na and
Jarnottéw. In quartzes from Rozdroze Izerskie and Podgérzyn chemical treat-
ment did not affect significantly the crystallization of cristobalite.

Microscopic observation of thin sections obtained from quartzes heated at 1500°C
has shown that the transformation of quartz to transitional phase can be accompli-
shed in two ways. It can proceed from the grain boundaries, which become melted
during prolonged heating, or inside the grains, through cracks and fissures, along
which an optically izotropic phase develops. The former way prevails in Watanabe
and Angola rock crystals, the latter — in Telequartz varieties and vein quartzes.
Quartz from Wadroze Wielkie shows the particularly advanced process of decom-
position of grains through cracks and fissures.
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Fig. 4. The content of quartz, cristobalite
and transitional phase in vein quartz from
Jarnoltow heated at 1500°C
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Melting of quartz

The melting process of the quartzes studied was estimated on the basis of macro-
scopic study of heating products obtained at 1370 —1750°C, their phase composition
determined by DTA method, and microscopic observation of their thin sections.

It has been found that rock crystals and vein quartzes behave differently during
the heating of the 0.1—0.5 mm fraction. Rock crystal became sintered at 1650°C
whereas at 1750°C the samples had the form of partly vitrified sinter. Vein quartzes
began to sinter at 1500°C. At 1650°C the sintering process was far advanced and
it was attended by pronounced melting of the material. At 1750°C glass free from
visible crystalline inclusions was obtained from all vein quartzes.

Table 3
The phase composition of rock crystals and vein quartz heated in Baltzers vacuum furnace at
different temperature

Content of phases (wt%)
Heating e
i ; phase failing
temperature i
Quiig TR ety £ quartz c;ns;o to produce
(Elo) alite | DTA effecte
Angola 1350 100 — a0
1500 94 — 6
1650 72, 1 27
1750 49 1 50
Watanabe 1350 100 — St
1500 89 — 11
1650 q2 — 28
1750 66 — 34
Telequartz red variety 1350 100 — g
1500 91 2 7
1650 90 6 4
1750 33 5 62
Telequartz green variety 1350 100 — —
1500 96 — 4
1650 30 2 68
1750 3 1 96
Vein quartz Wadroze Wielkie 1350 67 10 23
1500 20 23 37
1650 — 66 34
1750 — — 100
Vein quartz Rozdroze Izerskie 1350 70 — 30
1500 12 16 72
1650 3 30 65
1750 — — 100
Vein quartz Oleszna Podgorska 1350 56 5 39
1500 5 40 83
1650 — 65 35
1750 — —- 100
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The results of phase analysis (Table 3) show that in the majority Qf heated samples
quartz is accompanied by cristobalite, the total content of crystalline phases being
Jess than 100. It has been assumed that the complement to 100% is a phase failing
to produce DTA peaks which is mainly a melting product of quartz or cristobalite.
The content of respective phases depends on temperature and the kind of quartz.

Rock crystals were transformed to cristobalite in an insignificant degree. During
the heating of the purest of them (Watanabe), cristobalite did not practically cry-
stallize while in the other varieties (Angola, Telequartz) it appeared in an amount
of a few per cent. It follows therefore, that during the heating of rock crystals the
melt forms directly from quartz, which begins to melt at about 1500°C. However,
both phase analysis and microscopic studies show that the rock crystal varieties
under study differ from one another in melting rate. Telequartz (green variety) appe-
ared to melt most rapidly, so that at 1750°C the residue of crystalline phases was
a few per cent only. The red variety of this quartz and Angola rock crystal melted at
2 somewhat slower rate, whereas Watanabe quartz showed the slowest melting rate.

The microscopic study of this sections revealed the following facts: In Tele-
quartz (green variety), already at 1650°C the grains were covered with a dense network
of cracks, sometimes passing into lenses filled up with an optically isotropic phase.
At 1750°C the network of cracks became denser, and the resulting small fragments
of grains were gradually melted and passed into the amorphous phase. Although
slower, the process of melting was similar for Telequartz (red variety) and Angola.
In Watanabe quartz, cracks filled up with an optically isotropic phase appeared at
1650°C on few grains only. At 1750°C the grains broke up along these cracks into
smaller fragments that became melted at the edges. The amount of grains exhibiting
thin cracks increased, yet the changes produced by heating were still insignificant.
Such behaviour is characteristic of slow-melting quartz.

When heated, vein quartzes differ markedly from rock crystals in the degree of
transformation to cristobalite and in melting rate.

The estimate of vein quartzes in respect of their transformation to cristobalite
in the temperature range of 1350—1750°C agrees fairly well with the estimate made
for 1500°C. Quartzes from Rozdroze Izerskie and Podgdérzyn showed the weakest
tendency to change into cristobalite, the amounts of crystallized cristobalite varying
from a dozen or so to 30%. Simultaneously, already at 1350°C, i.e. at a temperature
lower by 150° than in the case of rock crystals, quartz began to disappear. Glass
ffee from crystalline inclusions was obtained at 1750°C, while only partially vitrified
sinters were obtained at this temperature from rock crystal. From the above expe-
rimental data it appears that the mechanism of formation of silica melt from vein
quartzes from Rozdroze Izerskie and Podgorzyn is similar to that of melting of rock
crystal, but the melting point is lower by about 150°.

Compared with quartzes from Rozdroze Izerskie and Podgérzyn, the other vein
quartzes .showed a considerably higher degree of transformation to cristobalite.
Cns;obz'lme formed alr;ady at 1350°C, its content varying from 50 to 80%. The cry-
:}t}g]hfzanon of cnstoba];te slowpd down'thc process of formation of the melt. Despite

is fact, the progress in melting of vein quartzes was faster than for rock crystals.

The partial removal of impurities during acid treatment slowed down markedly
the process of melting.

DISCUSSION

The observed differences in the course of high-temperature phase transformations
of silica in the quartzes studied were compared with the content of impurities (Ta-
bles 1 and 2). On this basis, the authors put forward certain hypotheses concerning
the role of impurities in this process.

It seems that alkaline ions and alkaline earths present in quartz promote the for-
mation of the transitional phase and then its crystallization into cristobalite because
they weaken the bonds in the silicon-oxygen network and influence its depolimeriza-
tion manifesting itself, among others, in the lower viscosity facilitating the migration
of ions. All this accounts for the greater amount of transitional phase appearing
upon heating of vein quartzes compared with rock crystal, and the higher degree
of their transformation to cristobalite. The content of alkalies in vein quartzes is
from some to several dozen times higher than in rock crystal. Other impurities only
seem to facilitate the formation of the disordered transitional phase. At the same time,
the foreign elements entering into the silicon-oxygen network as isomorphous sub-
stitution, e.g. AI** substituting for Si** in the SiO, tetrahedra, stabilize presumably
the transitional phase, inhibiting the crystallization of cristobalite. This hypothesis
is substantiated by the comparison of the progress of crystallization of cristobalite with
heating time with the ratio of the total content of alkali oxides and alkaline earths
(R,0+RO) to the amount of Al,O; in quartz samples after chemical treatment
R,0+RO

Al,0;
quartz (red variety), while for the other rock crystals it was about 1. Telequartz
(red variety) showed the strongest tendency to change into cristobalite. In the group
R,0+RO

Al,O4
tendency to change into cristobalite, while for quartzes from Rozdroze Izerskie
and Podgérzyn, which show the lowest degree of transformation to cristobalite,
it was about 0.4 and 0.2, respectively.

From the analysis of the course of melting of the quartzes studied it can be
inferred that impurities accelerate this process. Such an influence is presumably
exerted both by structural and extra-structural impurities, as the former weaken
the bonds and lower the melting point, and the latter promote the formation of
melts with a lower melting point than that of pure silica at the grain boundaries.
These facts account for the most rapid, in the group of rock crystals, melting rate
of Telequartz (green variety), having the highest total content of impurities. They
also explain the more rapid melting rate of vein quartzes compared with rock cry-
stals, as well as the differences in the melting rate of treated and untreated quartzes.

Acknowledgement. The present study is a contribution to the research project No I-33 sponsored

by the Ministry of Science, Higher Education and Technology. The authors express their thanks
for the financial support for their investigations.

(Table 2). In the group of rock crystals, the value of was about 5 for Tele-

of vein quartzes, the value of varied from 1 to 3 for quartzes with a strong
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WPLYW ZANIECZYSZCZEN
NA WYSOKOTEMPERATUROWE PRZEMIANY SIO,

Streszczenie

Zbadano wplyw zanieczyszczehi na przemiang w krystobalit i topienie probek
krysztaléw gorskich o nazwach handlowych: Angola, Watanabe, Telequartz —
odmiana zielona i czerwona oraz kwarcoéw zylowych z siedmiu wystepowan na Dol-
nym Slasku. Stwierdzono, ze przemiana kwarcu w krystobalit zachodzi poprzez faze
przejciowa, nie dajaca efektéw DTA, przy czym stopien tej przemiany jest rézny
w zaleznosci od rodzaju i ilosci zanieczyszezen w poszezegdlnych gatunkach kwarcu.

Z przeprowadzonych badan wynika, ze obecno$¢ jonéw alkalicznych i ziem
alkalicznych sprzyja powstawaniu fazy przejsciowej, a nastepnie jej przekrystalizo-
waniu w krystobalit. Stad znacznie wigksze ilosci fazy przejsciowej, pojawiajacej sig
przy ogrzewaniu kwarcéw zylowych i ich wyzszy stopien przemiany w krystobalit
w poréwnaniu z krysztalem gérskim, ktory w stosunku do kwarcow zylowych cha-
rakteryzuje si¢ znacznie wigksza czystoscig chemiczng. Zanieczyszczenia wchodzace
w formie podstawien izomorficznych do sieci krzemotlenowej, np. jony glinu AlI3+
podstawiajace w czworoscianach (Si0,) jony Si**, stabilizuja przypuszczalnie fazg
przejéglowq, hamujac krystalizacje krystobalitu. Wskazuje na to poréwnanie stopnia
przemiany w krystobalit poszczegdlnych kwarcow z obliczonymi na podstawie wy-
pxkéw analiz chemicznych wartosciami stosunku sumy ilosci tlenkéw alkalicznych
i ziem alkalicznych (R,0-+RO) do ilosci tlenku glinu Al,O5. W grupie krysztatow
iérgk_:_cg Odla kwarcéw o malej skltonnosci do przemiany w krystobalit warto$é
—ZA]203 wynosita okoto 1, podczas gdy dla kwarcu najchetniej przechodzacego

w krystobalit (Telequartz — odmiana czerwona) — okoto 5. W przypadku kwarcéw

1 h R,0+RO : L
zytowych stosunek RO T przyjmowat wartosci odpowiednio 0,41 0,2 dla kwarcéw
3

z Rgzdroia Izerskiego i Podgérzyna, ktérych stopien przemiany w krystobalit byt
naJmiszy,, podczas gdy dla pozostalych kwarcéw zylowych, wykazujacych duza
i];(&or;ngsc 3do przemiany w krystobalit wartosci te miescity sie w przedziale od

4 078,

. 7 apalizy przebiegu procesu topienia wynika, ze zanieczyszczenia wplywaj =
spicszajaco na ten proces. Wyjasnia to najwigksza w gruypie krysztarl)éavgjgrg’liizgh
szybkosé¢ topienia kwarcu Telequartz — odmiana zielona, zawierajacego najwieksza
sumaryczng ilos¢ zanieczyszczen. Thumaczy to réwniez wigksza szybko$¢ topienia
kwarcow zylowych w poréwnaniu z krysztatami gérskimi.
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OBJASNIENIA FIGUR

Fig. 1. Zawarto$¢ kwarcu, krystobalitu i fazy przejéciowej w probkach krysztalow gorskich, wy-
grzewanych w temperaturze 1500°C
1 — krysztal gérski Watanabe, 2 — krysztat gorski Telequartz — odmiana zielona, 3 — krysztal goérski Tele-
quartz — odmiana czerwona ¢

Fig. 2. Zawartos¢ kwarcu, krystobalitu i fazy przejsciowej w probkach kwarcow zytlowych, wygrze-
wanych w temperaturze 1500°C
1 — kwarc zytowy z Wadroza Wielkiego, 2 — kwarc zylowy z Rozdroza Izerskiego, 3 — kwarc zylowy z Oleszne;j
Podgérskiej

Fig. 3. Zawarto$¢ kwarcu, krystobalitu i fazy przejsciowej w probkach kwarcu zytlowego z Lesnej,
wygrzewanych w temperaturze 1500°C
1 — proébki nieuszlachetnione, 2 — probki uszlachetnione

Fig. 4. Zawarto$¢ kwarcu, krystobalitu i fazy przejSciowej w probkach kwarcu zylowego z Jar-
noltowa, wygrzewanych w temperaturze 1500°C
1 — prébki nieuszlachetnione, 2 — probki uszlachetnione

Jlewex CTOX, Mapvsa JIOHYKA, Upena BAI[JTABCKA

BJIVSHUE 3ATPS3HEHUI HA BBICOKOTEMIIEPATYPHBIE
TNPEBPAIIEHU A

Pe3rome

V3yyaoch BIMSHUE 3arPA3HEHMI HA NPEBPAILCHUC B KPHUCTOOAIMT M IJIABJICHHE
06pa3oB TOPHOTO XpycTajs TOPrOBBIX HamMmeHoBaHMi — Amrona, BartanaGe,
TenexkBapll — 3eleHask W KPacHAs DAsHOBHIHOCTH, a TakkKe JKHIBHBIX KpaBLCB
3 cemy MecToHaxoxaenuit B Hikueit Cuimesun. OGHApYKEHO, YTO MPEBPALICHHE
KBapHa B KPUCTOOATHMT TPOMCXOMHUT HEPE3 MPOMEKYTOTHYIO a3y, He OTpaxaro-
urrorocst apdexkramu ATA, mpuuem CTENEHb 3TOTO npeoOpa3oBaHus pa3InyHA
B 3aBUCHMOCTH OT POJA M KOJIMYECTBA 3ArPSHCHMI B OTAENBHBIX COPTAX KBAPLA.

13 mpoBe/ieHHbIX UCCIIEIOBAHMI CIIENYET, YTO NPUCYTCTBUC LICIOMHBIX 1 1LIeJT0-
YHO3EMEJbHBIX HOHOB COZEHCTBYET 06Pa30BaHIIO MPOMEXKYTOUHOMU (a3, a 3aTEM
ee PeKPUCTAIUTM3AIIAN B KPUCTOOAIHT. OTCrO/Ia ¥ 3HAYMTEIHHO OO0JIbLIMEe KOJINIECTBA
IPOMEKYTOYHOH (hasbl, TOSBISIOLIEHCS TPH HArPEBAHMI JKHJIBHBIX KBApLEB M X
Gollee BHICOKAS CTYNEHb TPEBPALICHHS B KPHCTOOATHT MO CPABHCHHIO C TOPHBIM
XpycTajieM, KOTOPBIH B XHMUYECKOM OTHOLICHHH 6oJee YUCT YeM JKMIIbHBIN KBapIL.
IMpumecu, BXOASIIME B BUIE M30MOP(HBIX 3aMeIIeHHH B KPEMHEKHCIOPOIHYIO pe-
IIETKY, HATPAMEP MOHbI AJFOMHHUS Al?t, 3aMemiaroniue B TeTpas’apax (Si0,)
HoHBI Si**, MO-BUAMMOMY, 3a/IepXKHBasi KPHCTAJUIH3ALMIO KpHCTOOAIMTA, CTAOMIII-
3MpYIOT TpOMeXyTouHyro (asy. Ha oTo ykasbiBacT CpaBHeHHE CTENEHH NpeBpa-
ILIEHUST B KPUCTOOAMT OT/E/TbHBIX KBAPIEB C PACCYMTAHHBIMU Ha OCHOBaHUH XHMH-
WeCKMX AHAJIM30B 3HAYECHUSIMHI COOTHOIICHHMS CyMMBI LICTOTHbIX I 11EJI0YHO3EMETb-
HpIx okmcioB (R,O-+RO) # conepkarii OKMCIA aJFOMUHIL Al,O;. B rpynme
FOPHBIX XPYCTaJIel /UL KBAPLEB C HeGOMbIIOM CKIOHHOCTBIO K IPEBPAIIEHHIO B KPH-
cro6amt coorHowerne (R,0+RO): Al,O; cOCTABISIIO OKOJIO 1, Torma Kax IS
KBapua HaunboJee CKJIOHHOrO K NpPEBPALICHUIO B kpucrodammt (TenexkBapi — Kpa-
CHAS Pa3HOBUIHOCTb) — OKOJIO 5. B ciyyae XHJIbHBIX KBAaplleB COOTHOLICHHE
(R,0+RO): Al,O3 nmpuHIMAIO 3HAYCHHE 0,4 u 0,2 COOTBETCTBEHHO /ISl KBAPLEB
u3 Posaposxa Maepckoro u [loaryxunHa, KOTOPBIE XapaKTEPU3YIOTCSI CAMOH HH3KOH
CTETeHBIO MPEBpAIleHUs] B KPHCTOOAMMT, TOrjaa Kak i OCTaJIbHBIX KBapLEB,
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0GHAPYXKHMBAIOLMX CKJIOHHOCTH K NPEBPALLCHHIO B KPUCTOOAJIUT, ITH 3HAYCHHS
IPYNIMPYIOTCS B Ipejesax OT OKOJIo ol 3.

W3 amaqW3a XOma Npolecca IUIABJICHHS CIEIYeT, YTO 3arps3HCHUs BIIMSIOT
YCKOPSIOIIAM 06pa3oM Ha 3TOT mpouecc. ITO 00BsCHIET HAUOOJIBIIYIO B IPyIIe
FOPHBIX XpYCTajieif CKOpOCTh TUTABJIEHHS 3€JICHOH PasHOBHAHOCTH TenexBapia,
COAEPKANIIOI0 B CYMMapHOM OTHOIIEHHHM HAauGOIbIIEE KOIHIECTBO 3arps3HEHUM.
DT0 0OBICHSIET TAKXKe OOJBIIYI0 CKOPOCTh IUIABJICHUS XHIILHBIX KBaplLEB IO Cpa-
BHEHMIO C TOPHBIMH XPYCTAJISIMH.

dur.

dyr.

Dur.

OBBSICHEHMS K ®UT'YPAM

. Copepkanie KBapia, KpUCTOGAMTa M TIPOMEXYTOUHO! $a3bl B 0Opasuax TOpHOro Xpy-

cTassi, mporpeaembix B Temmepatype 1500°C
1 — ropHwlit xpycrans BatanaGe, 2 — ropblif Xpycrasnb Tenekpapil — 3e/IeHas pa3HOBHAHOCT, 3 — ropHblit
xpycranp TenekBapi — KpacHas pPa3sHOBMAHOCTH

. Cozepxanue Kpaplia, KpUCTOOAIMTa ¥ IPOMEXYTOYHOH (a3bl B obpa3uax KHUIbHBIX

KBapleB, porpesaeMbix B Temreparype 1500°C
1 — xunpHbIA KBapl u3 Borapoxka Bembkoro, 2 — XuibHbIN kBapi 43 Posapoxa M3epckoro, 3 — KUIIbHBIH
xsapu u3 Onemnnr Toarypckoit

. Conepranye KBapia, KpHcTobammra M MPOMEXYTOUHOH (a3bl B 0bOpasuax >KWIbHOLO

kBapia u3 JlechHbl, porpeBaeMsix B Temmepatype 1500°C
1 — meobGnaropoxkenusie 0Gpasubl, 2 — 061aropoKeHHbIe 06pas3Lbl

. Copmepxanue Ksapla, KpUCTOOaauMTa M IPOMEXYTOYHOM (asel B 0bpa3uax XMIbHOIO

KBapia u3 SIpHOITOBA, MporpesaeMeix B Temmepatype 1500°C
1 — mneobnaropoxkennsle o6pasusl, 2 — 06JaropoXKeHHbIe 0Opa3LbI



