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Modern state of developments and applications of high-strength glass-ceramic materi-
als based on lithium silicate glasses has been analyzed. Perspectiveness of using glass-ce-
ramics based on lithium disilicate as transparent armor for ground vehicles has been
established. Features of structure formation of lithium disilicate glasses on initial stages
of nucleation have been studied. It has been established that the formation of strengthened
structure containing lithium disilicate and B-spodumene in conditions of low-temperature
thermal treatment will allow the use developed materials as a base in obtaining transpar-
ent glass-ceramic.
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IIpoananmu3npoBaHo COBPEMEHHOE COCTOSHUE PaspaboTOK M MPUMeHEeHMe BBICOKOTPOUHBIX
CTEKJOKPUCTANINUECKX MATEPUANOB HA OCHOBe JUTUHCUINKATHBIX CTEKOJ. YCTAHOBJIEHA
TMEPCIEKTUBHOCTL MCHOJIb30BAHUA CUTAJJIOB HA OCHOBe AWMCUJIMKATA JUTHUA B KaUeCTBE IIPO-
3payHoil 6poHU AJIa meTaseil HazeMHOH TeXHUKHU. VccaemoBaHbl 0COOeHHOCTH (POPMUPOBAHUSA
CTPYKTYPHl JUTUUCUINKATHBIX CTEKOJ Ha HAYAJTBLHBIX 9TalaX 3apoAbllieobpasoBaHUA. YCTa-
HOBJIEHO, UYTO (POpMUpPOBAHNE YIPOUHEHHOH CHTAJM3UPOBAHHON CTPYKTYPHI C COAEPKAHMEM
OUCHUJIVKATA JUTUA U P-criofyMeHa B yCIOBUAX HU3KOTEMIIEPATYyPHOI TepMuUuecKoi oGpabGoT-
KU TOBBOJINT MCIOJB30BATh KAK OCHOBY TIPU MOJYYEHUU TPO3PAUHBIX OPOHECUTANIOB.

Hocraigxenasa dopMyBaHHA CTPYKTYPHU JiTIHCHIIKATHHX CTEKOJ HAa MOYATKOBUX eTamax
3apogkoyrBopenHsa. O.B.Cassosa, O.B.Babiu, M.O.Kypaxin, A.O.I'pusyosa, B.JI.Tonuuil.

ITpoamanmizoBano cyuacHmii cTaH PO3POOOK Ta B3aCTOCYBaHHS BUCOKOMIITHHUX CKJOKPUIC-
TATIYHUX MaTepiasiB Ha ocHOBI JiTificuaikaTHUX cTeKoJl. BcTaHOBNIEHO MepCIEeKTUBHICTH
BUKOPUCTAHHA CHUTANIB Ha OCHOBI AMCHMIIKATY JiTit0 AK mposopoi OpoHi IyiaA meTasneil HazeM-
Hol TexHiKku. HocaimKeHo ocobamnBocTi QOPMYBAHHA CTPYKTYPU JITiHCHIIKATHUX CTEKOJ Ha
TMOYATKOBUX eTalaX 3apOoJKOYyTBOpPeHHdA. Beranosmaeno, 1o GopMyBaHHS 3MillHeHOI cuTamiso-
BAaHOI CTPYKTYPH 3 BMIiCTOM JZMCHIIKATy JiTifo Ta P-cmogyMeHy B yMOBaX HU3LKOTEMIIEDATYD-
HOI TepMiuHOI 06pPOOKU AO3BOJUTL BUKOPUCTOBYBATH SK OCHOBY TIPU OAEPIKAHHI TMPO30PUX
GpoHecHUTATIB.

© 2017 — STC "Institute for Single Crystals”

1. Introduction

High-strength glass-ceramic materials
based on lithium silicate glasses have found
widespread use in optics [1], aerospace sys-
tems [2], land vehicles and aviation, in par-
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ticular, for obtaining high-performance op-
tical materials [8], in dentistry [4] due to
their elevated performance properties. Dur-
ing the past years, an increase in demand is
observed for versatile materials capable of
withstanding rapid mechanical attacks,
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Table 1. Transparent glass-ceramic materials and their application

No. System, nucleators Crystalline phase Type of products | Country, Author
and their application
1 Li,0-Al,0,-Si0,, ZrO, TiO,, | betaBR RAx-quartz, B- | Kitchen appliances, USA,
ZnO ’ spodumene oven windows S.Peschiera [6]
2 Li,0-Al,0,—P,04-Si0, B-eucryptite Precision optics |Russia, Alekseeva
[7
3 Al,05;—P,045-Si0, B-quartz Integrated circuits USA,
K.K.Ohara [8]
4 Li,0-Ga,0;-Al,0,-Si0, aluminogalate spinel, Short-wave solid USA, Y.Wang,
ZrO,, TiO,, Zn0 ganite, B-quartz lasers, color M.Siroia, H.Beall
displays, IR sensors| Georg [9-11]
5 MgO-Al,0,-SiO, forsterite Amplifiers and USA, G.H.Beall
TiO,, Cry04 lasers in [12]
telecommunication
systems
6 | Li,O-Al,05-SiO,; ZrO,, TiO,, lithium disilicate, Armor materials USA,
Sn0,, V,0;, Cr,0,, Ce0, cristobalite, spinel B.L.Rudoy [13]
7 Li,0-S8i0,; P,05, ZnO, Zr0, lithium disilicate Great Britain,
A.Darrant [14]
8 Li,0-MgO-AIl,0,-SiO, spinel, B-quartz Sight glass of USA,
special-purpose L.R.Pinckney [15]
vehicles

which will be able to compete with more
expensive ceramic counterparts. Solution to
this problem is creation of readily produc-
ible impact-resistant lithium-silicate glass-
ceramic materials, which are effectively
used for protection against high-energy mu-
nitions and abrasive wear [5].

Known transparent glass-composite mate-
rials used in electronics, optics, domestic
appliances, instrument engineering and
transport, are predominantly obtained on the
base of crystalline phases of B-spodumene
[6], P-eucryptite [7], P-quartz [8], spinel,
ganite [9—-11] and forsterite [12]. A distin-
guishing characteristic of glass-ceramic ma-
terial based on lithium disilicate (LS,) [13,
14] and / or spinel [15] is the combination
of mechanical strength to provide resistance
against energy-destructive components and
the ability to absorb and dissipate impact
stresses (Table 1). This allows the using of
transparent glass-ceramics based on LS, for
sight glass, shields, visors, and for manu-
facturing different types of personal protec-
tive equipment. Imparting the properties of
absorbing electromagnetic radiation to
glass-ceramic materials will allow decreas-
ing the probability of detecting vehicles and
personnel by electronic equipment. How-
ever, currently Lknown impact-resistant
glass-ceramic based on LS, are charac-
terized by rather long thermal treatment
durations on nucleation stage (24+170 h)
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[13, 14], and spinel-containing glass-ceram-
ics are notable for high temperatures of
melting, thermal treatment, and compara-
tively high density (2.6+2.8 g/cm3) [15].

Therefore, increasing reliability of pro-
tection of special-purpose vehicles, which
are operated in high temperatures and me-
chanically stressed conditions, is a relevant
task, a solution to which is developing compo-
sitions of lithium-silicate glasses and obtain-
ing low-weight impact-resistant glass-ceramic
materials of abovementioned purposes on
their base in conditions of short-term low-
temperature thermal treatment.

2. Experimental

2.1. Aim setting and research methods

Important condition of providing high
performance properties of glass-ceramic ma-
terials is a formation of high-strength
structure by directed crystallization at low
thermal treatment temperatures. Detailed
investigations of crystallization process
during heating of lithium silicate glasses
were conducted in [16]. During the last
years, a special focus in this institute has
been given to the effect of nucleators Pt and
Au on the kinetics of formation of lithium
meta- and disilicates in photosensitive
stoichiometric glasses with the content of
Li,O = 28.4+85.0 mole % [17]. However, an
important factor in developing readily pro-
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Table 2. Chemical composition of model glasses, crystalline phases formed during their melting

and thermal treatment

No. |Identifi- | Chemical composition of model glasses, T, °C Characteristics of crystalline
cation mass. % phases in glass-ceramics after
single-stage thermal treatment
Phase forming Nucleators Type Amount,
components vol. %
Li,O Sio, Zn0O, P,0;4, fluorides
1 SL-1 12.0 60.0 TiO,, Zn0O, P,04, 1250 Li,SiO, 30
fluorides
2 SL-2 12.0 50.0 Zn0, P,04, Zr0, 1200 Li,SiOq4 30
3 SL-38 11.0 71.8 Zn0O, CeO, 1550 B-LiAISi,Og, ZrO, 40
4 SL-4 20.0 65.0 |P,05, TiO,, ZrO,, La,0,, 1280 Li,SiO;, B-LiAISI,Of, 40
fluorides Li,MgSiO,
5 SL-5 13.0 60.0 | P,Oz, Zn0O, ZrO,, CeO,, 1350 Li,Si05, B-LiAISI,Og 35
La,0;, fluorides

ducible lithium-silicate glass-ceramics is,
along with decreasing the content of silicon
and lithium oxides, choosing inexpensive
and effective nucleators, which allow forma-
tion of glass-ceramic structure at relatively
low temperatures. Additionally, an efficient
energy saving solution in developing glass-ce-
ramic lithium disilicate-based materials is de-
creasing the time of thermal treatment on the
nucleation phase.

To solve the above problem, an investiga-
tion of structure formation process of lith-
ium-silicate glasses on initial stages of crys-
tals nucleation is necessary, which consti-
tutes the aim of this work.

Occurrence of crystalline phase was con-
firmed by X-Ray diffraction ("DRON-3M"
diffractometer) and petrographic (NU-2E
polarizing microscope) methods of analysis.
Microstructure of the glasses was investi-
gated with "EMV 100 AK" electron micro-
scope and Specord-M80 spectrophotometer.
Crystallization ability of glasses was deter-
mined by two methods: gradient-thermal
method with one-stage mode in the tempera-
ture range of 400+800°C during 6 h, and
bulk crystallization method at characteristic
temperatures of glass-ceramic formation
stages. Fracture viscosity was calculated
based on the data obtained with hardness
tester TMV-1000. Elasticity modulus was
determined using the apparatus for the
measuring by static method. Relative elon-
gation of material upon (A¢; — £,) was meas-
ured on vertical quartz dilatometer.

Functional materials, 24, 2, 2017

2.2. Development of compositions of lith-
ium silicate glasses for obtaining glass-ce-
ramic materials

To determine the compositional area of ex-
istence of initial materials, the system R,O-
LiF-CaF ,—~RO-R0O,—-R,05-P,05=S8i0, has been
selected. An area with the following concen-
tration limits (mass. %) was confined in it:

R,0 2(Na,0, K,0, Li0) — 13.2+:20.0; LiF — 0.0:3.5;
RO X,(MgO, ZnO) — 0.0+7.0; CaF, — 0.0+2.5;
RO, — X(Ti0y 20y — 0.0+11.0;
R,O3 — X(ALOs;, B,03) — 0.0+7.0;

P,0Og5 — 0.0+3.48; SiO, — 50.0+71.8 (Table 2),
in which compositions of materials of SL
series was synthesized. Additionally, the
following components were added, mass. %:
MnO, — 0.0+4.0, CeO, — 0.0+0.5 and
Lazo3 — 0.0+5.0.

Occurrence of Na,O and K,O in the experi-
mental glasses allows to decrease their melt-
ing temperature and thermal treatment tem-
perature significantly, as well as, along with
B,O; and MnO,, to decrease their density
[18], which is an important condition of ob-
taining readily producible lightweight glass-
ceramic materials. TiO,, ZrO, and fluorides
were chosen as nucleators. To form a fine
crystalline interconnected structure by
liquation mechanism, P,Og was introduced to
the composition of the initial glasses. Pres-
ence of P,Og in the structure of the model
glasses will allow, according to [19], to de-
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Fig. 1. Thermograms of model glasses.

crease deformation and stresses that arise
due to absorption of impact energy. Intro-
duction of CeO, will provide nucleation re-
action and formation of crystalline phases
at lower temperatures, also promoting
transparency of glass-ceramic materials.
Presence of La,O5; in glasses will influence
positively the increase of refractive index,
which is an important prerequisite in ob-
taining glasses with optical performance.

Glasses of SL series were melted at simi-
lar conditions at 1200+1550°C in corundum
crucibles with subsequent cooling on a sheet
of metal (Table 2).

2.3 Investigation of structure formation
and phase composition of the vitreous mate-
rials during their thermal treatment

According to the data of X-ray diffrac-
tion analysis, model glasses are X-ray amor-
phous after melting. The exception is SL-3
glass, which contains lithium metasilicate
already after melting. After single stage
treatment in gradient furnace, experimental
vitreous materials have fine-grained struc-
ture with amount of crystalline phases
30+40 vol. % (Table 2). Presence of crystal-
line phase of lithium disilicate = 80 vol. %
and [-spodumene =5 vol. % is observed
only of SL-6 glass, which was chosen for
subsequent study.

Formation of volume-crystallized struc-
ture in SL-6 experimental glass is con-
firmed by DTA data (Fig. 1). Thus, thermo-
gram of this glass has a narrow exothermic
effect at 620°C, which is related to possible
formation of lithium disilicate and f-eu-
cryptite crystals in it, the latter recrystal-
lize to B-spodumene at 700+800°C.

This is confirmed by IR-spectra having a
broad absorption bands with frequencies of
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Fig. 2. IR-spectrum of SL-6 model glass.
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Fig. 3. Viscosity vs temperature dependence
for experimental glasses.

471, 643, 786, 1021 and 1224 cm !, which,
according to A.Lazarev, are intrinsic for
lithium disilicate (Fig. 2). In addition, in-
significant absorption bands with frequen-
cies 480, 665, 754, 1040, 1150 cm™! are
observed for this glass, which are intrinsic
for [AIO4] groups contained in P-eucryptite.
Final formation of the structure similar to a
glass-ceramic one, with presence of lithium
disilicate and P-spodumene occurs at 800°C.

In order to determine optimal values of
viscosity in context of intensive fine crys-
tallization of lithium disilicate on stage of
nucleation and growth of crystalline phases,
crystallization viscosities of SL-6 glass and,
for comparison purposes, SL-1 glass were
investigated.

A distinctive feature of experimental
glasses is anomalous increase of viscosity at
glass transition range of T, — T¢, which is re-
lated to the formation of fluctuations (Fig. 3).

The increase of crystallization viscosity
N = 108 Pa's near temperature of 700°C for
SL-1 glass is the evidence of intensive for-
mation of nucleators and growth of meta-
silicate crystals. Decrease of the tempera-
ture to 620°C, at which crystallization vis-
cosity increases to 1 = 1.5-10°9 Pa-s for SL-6,
results in glass spontaneously "choosing”
those metastable crystalline phases that are

Functional materials, 24, 2, 2017
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Fig. 4. Structure of model vitreous material SL-6.

most easily wetted by it first, and, as a
consequence, most tightly bound to it. How-
ever, high viscosity of the glass causes an
important contribution to the kinetics of
the process: the glass cannot separate into
two phases in the observable time; formed
vitreous phase creates fine droplets, which
leads to formation of developed dropwise
double-carcass structure in a short-term pe-
riod [16].
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To study the mechanism of nucleation
and structure formation in the vitreous ma-
terial, the following characteristic tempera-
tures have been chosen: temperature ¢,
below the softening onset temperature T,;
temperature t, near T,,; temperature g
above T,,; temperature of "final” crystal-
lization ¢4. To identify the structure of vit-
reous material on initial stages of nuclea-
tion, sections with no crystallization were

selected [16].
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According to the results of electron micros-
copy, vitreous material SL-6 at ¢; = 500°C is a
multiphase system formed from foundation
glass, secondary dropwise nonuniformities
with the size of 0.01~0.1 wm, which formed
inside similar formations with the size of
= 0.5 um (Fig.4a, I), and clusters of
spherolites with the sizes of 0.5+0.8 um (Fig.
4a, II), which according to F.Vogel [16], may
be nucleators of lithium metasilicate.

Continuous growth of nonuniformities at
ty = 520°C in developed vitreous material is
a distinctive characteristic of metastable
liquation as a phase transition process [10].
Occurrence of clusters of nonuniformities in
the form of cavities (Fig. 4b, I) and flatten-
ing of drops (Fig. 4b, II) is the evidence of
completed phase separation process with
subsequent process of structure ordering.

Upon heat-treating the experimental
glass at t3 = 620°C, along with occurrence
of nano-nonuniformities (Fig. 4¢, I), forma-
tion of crystals in the form of individual-
ized three-dimensional spheres is observed
(Fig. 4c, II). This may be related with the
presence of Li;0-28i0, in the structure. Ac-
cording to V.Averyanov, lithium disilicate
is crystallized in the form of spherolites at
relatively low temperatures, which trans-
form to monocrystals at higher tempera-
tures. Determining influence of micro sepa-
ration as a process that slows down the
growth of spherolites in SL-6 glass with
amount of Li,O =15 mass. % is a forma-
tion of structure with isolated 2Li,O-SiO,
droplets. Effective limiting of sizes of lith-
ium disilicate crystals should be expected in
such glasses at elevated temperatures. On
lithium disilicate crystallization, liquation
nonuniformities are not destroyed, but their
further growth is stopped. Therefore, on
further thermal treatment of the glass at
ty = 800°C, along with occurrence of
nonuniformities (Fig. 4d, 1I), convex
platelike or prismatic crystals of pseudo
cubic habitus, Li;O0-28i0, (Fig. 4d, II) are
observed.

The choice of thermal treatment regime
for SL-6 glass was based on the results of
previous investigations [23]: Melting —
1550°C; I stage of thermal treatment —
520°C, 10 h; II stage — 620°C, 4 h; III
stage — 800°C, 4 h. Increase of exposure
time at the temperature of 520°C to 10 h
leads to formation of a dense network of
tabulated lithium disilicate crystals with the
size of 0.5+1.0 um, bound on apexes at an
angle (Fig. 4e, I) and 85 vol. % of crystals
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with tabulated prismatic habitus bound on
apexes, characteristic for B-spodumene (Fig.
4e, II). High-strength of glass-ceramic mate-
rial, SL-6 (K;c = 3.0 MPam!/2, E = 93 GPa)
with TKLE 0429_500°c)107 = 72.8 deg™!, is
due to the formation of such structure. This
material can be used as a base in production
of transparent impact-resistant glass-ceramic
for protection of special-purpose vehicles.

3. Conclusions

Based on the results of conducted inves-
tigations, four-stage mechanism of struec-
ture and phase formation of glass-ceramic
material in Rzo—LiF—Can—RO—ROZ—R203—
P,0g—Si0O, system has been established. It
has been found that on the first stage, upon
the condition of providing the ratio of
Si0,/Li;O = 4 and presence of 2 mass. %
AlbO3 in the glass melt, sybotaxic groups
[SiO4] and [AIO4] are formed in the glass
melt. On the second stage, upon cooling, a
heterogeneous structure 1is formed by
liquation mechanism, which leads to emer-
gence of nucleators on the third stage in con-
ditions of low-temperature thermal treatment
(520°C) and further growth of lithium
disilicate crystals (620°C) in the form of
spherolites at viscosity of m = 109 Pa-s.
On the fourth stage, at 800°C, a glass-ce-
ramic structure with the content of lithium
disilicate and P-spodumene of 85 vol. % is
formed. It has been established that me-
chanical and thermal properties (K;c=
3.0 MPaml/2, E =93 GPa, 0y20-500°cy10" =
72.3 deg™1) of developed glass-ceramic ma-
terial allow its use in production of trans-
parent impact-resistant glass ceramies for
protecting special-purpose vehicles.
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