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The influence of viscosity on crystallization ability, which determines strength proper-
ties of protective spodumene glass-ceramic materials, has been studied. It has been estab-
lished that formation of volume-crystallized structure in lithium-aluminosilicate glasses in
conditions of two-stage thermal treatment in the viscosity range of 109 Paps allows
provision of mechanical properties required to obtain resistance against the action of
energy-destructive factors. Obtained results may be used in developing glass-ceramic
materials for modern composite armor.
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Hccnemopano BiausAHME BA3KOCTH HA KPUCTAJIIHBAIMOHHYIO CIIOCOOHOCTB, KOTOpas o0y-
CJIABJMBAET IPOUYHOCTHBIE CBOICTBA 3AIMTHBIX CIIOLYMEHOBHX CTEKJOKPHCTANIUNYECKHX Ma-
TepPUAJIOB. ¥ CTAHOBJEHO, UTO (hOPMUPOBAHNE OO0BEMHO 3aKPHCTANIM30BAHHOU CTPYKTYPHI B
JTUTUAAJTIOMOCUJINKATHLEIX CTEKJIAX B YCIOBUAX IBYXCTAAUNHON TepMHYeCKOUM o0paboTKu B
obnactu sHauenuil Baskocru 10%TIa-c mosBosser HOJYUYUTh MEeXaHUYeCKHUe CBOMCTBa, HEODXO-
AUMBIE JJIs obecleueHUs YCTOMUUBOCTH K JefCTBUIO sHepropaspymaoimux gaxtopos. Iloxy-
YeHHBIE Pe3yJbTATHEI MOTYT OBITH MCIIOJb30BAHLI MPU MPOEKTHPOBAHUU CTEKJOKPUCTAJINUEC-
KHe MATepUaJioB AJIs COBPEeMeHHON KOMIIOSUITMOHHON GpPOHU.

HocaigsxenHs BIIMBY B’SI3KOCTI Ha KpHMCTAJi3aliiiHy 3XaTHIiCTh 3aXHCHHX CIOJIYMEHO-
BHX CKJIOKpucraxiunux marepiaxis. O.B.Caseosa, O.B.Ba6iu, I'M.Illadpina, M.O.Kypsakin,
A.O.'pusyosa.

HocaimKeHo BILIUB B A3KOCTI Ha Kpucranisamifiny sgaTHicTb, AKa 00yMOBJIO€ MiIlHOCHI
BJACTHUBOCTI 3aXMCHUX CHOIYMEHOBUX CKJOKPUCTAJiuHMX Marepianis. Beranorieno, o
dopmMyBaHHA 06’€MHO B3aKPHCTAJNI30BAHOI CTPYKTYpU y JiTianoMOCHIIKATHUX CTEeKJaxX B
yMoOBax ABocTaiiiiHol TepMiuHOl 00po0Ku B obuaacTi sHaueHb B’SABKOCTI 109 Ta-c IO3BOJIAE
OTPUMATH MeXaHiuHi BIaCTHUBOCTI, HeoOXifHi Jyd 3abesneuenusa cTifikocTi g0 Ail eHepropyii-
"Hywouux ¢axropis. Opep:xani pes3yabTaTh MOKYTb OYyTHM BUKOPHMCTAHI TPU NPOEKTYBaHHI
CKJIOKPUCTANIUHUX MaTepiaJiB AJaA cydyacHOl KOMIO3HUILifiHOl OpoHi.

© 2016 — STC "Institute for Single Crystals”

1. Introduction

Evolution of science and technology in-
volves development and implementation of
the new types of polyfunctional materials
that provide solutions for important objec-
tives of materials science tasks. Currently,
development of composite materials, includ-
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ing those combining high strength charac-
teristics, thermal and electric properties
and resistant to the variable factors is ex-
ceptionally important. Especially perspec-
tive composite materials are spodumene
glass-ceramics, due to their high perform-
ance characteristics combined with techno-
logical effectiveness. Despite significant
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achievements in the field of creation and ap-
plication of these materials for domestic ap-
pliances and thermally resistant equipment,
improvement and development of the novel
high-strength materials and technologies of
their production is still an important tasks.
This especially relates to medicine, provision
of radiation safety, military branches etc. [1].

One of the perspective directions of develop-
ment of spodumene glass-ceramic materials is
their use as elements of personal armor protec-
tion [2]. Distinguishing feature of these glass-
ceramic materials is the combination of high
mechanical strength providing resistance
against energy-destructive factors and ability
to absorb and dissipate impact stresses, low
density and relatively low cost. Obtaining the
high-strength lightweight glass-ceramics with
necessary values of performance properties is
realized via inducing phase separation process
with consequent fine crystallization of amor-
phous matrix with formation of the strength-
ened crystalline structure during low-tempera-
ture thermal treatment.

It should be noted that the high mechanical
properties are provided by the secondary phase
separation in the structure of glass materials
being a stage of heterogeneous nucleation process.
In this case crystal phases are formed having the
structure that is mostly affined to the structure
of the glass in terms of short-range order. This
leads to decreased nucleation energy barriers,
which can easily be overcome at relatively low
temperatures of the initial glass crystallization
[3]- Formation of the fine crystals with the size of
0.1+1 um which are strongly bound with each
other, as well as occurrence of thin sub-layers of
glass between them, will bring the strength of the
glass-ceramic materials close to theoretical, which,
jointly with preventing the growth of cracks along
the edges of the crystals, is a prerequisite of the
high strength and stability of mechanical proper-
ties under adverse influences.

It should be noted that influence of vis-
cosity on crystallization ability of semi-
melts of solid-liquid systems, which the
glasses are related to, upon cooling from
the melting temperature has a complex
character, since along with the structural
viscosity caused by formation of 3-dimen-
sional framework, there the crystallization
viscosity exists due to increase of quantity
of the crystals [4].

It is known [5], that fluctuation strue-
ture has kinetic nature, and so it can be
greatly developed in the systems with the
low energy barriers on the path of structure
and chemical transformations, with small
relaxation time, particularly in the systems
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with low viscosity. High viscosity, however,
plays an important role in kinetics of the
process: the glass cannot separate into two
layers in the observable time, vitreous
phase is formed in the shape of fine drop-
lets, which leads to rapid formation of de-
veloped dropwise double-skeleton structure.

According to the data by B.G.Varshal
[6], the main distinctive characteristic of
the metastable phase separation is that it
occurs in conditions of elevated viscosity of
both original melts and the melts being
formed, i.e. the process is relatively slow.
This influences the formation of significant
amount of nuclei at the temperature of sof-
tening onset TE and formation of the glass-
ceramic structure at the end temperature of
crystallization. In these conditions, forma-
tion of double-phase materials with phase
entities of minor size is possible, which is a
prerequisite of the high mechanical
strength of the final product [6]. For the
low viscosity melts at high rate of crystal
growth in the thermal treatment, formation
of the larger crystals is possible, which can
lead to lowering of the mechanical charac-
teristics of the final product. Generally, the
influence of chemical composition of the
glass on its crystallization may be charac-
terized with the following statement: ten-
dency to crystallization in case of replacing
one oxide with another one is lowered with
increasing viscosity of the glass in the crys-
tallization temperature range.

Glasses with composition that is optimal
for obtaining the glass ceramics must have
low rate of crystal growth (K,) in the range
of formation temperature and high rate of
the crystal growth in the range of crystal-
lization temperature. Along with the rate of
f=KgT) curve, no less important is the
location of where its maximum is shifted to.
Such rate of dependence of K, versus tem-
perature should be considered optimal, at
which its maximum is shifted to the tem-
perature region of less than softening point
temperature, or to the area of viscosity val-
ues higher than 108 Pa-s [7].

Analyzing aforementioned concepts it
should be noted that investigation of the
mechanism of complex interdependence be-
tween viscosity and crystallization ability in
conditions of thermal treatment is an im-
portant stage in designing the protective
spodumene glass-ceramic materials, which
defines relevance of this work.

415



O.Savvova et al. / Investigation of effect of ...

2. Experimental

2.1. Definition of the aim and research
methods

The aim of this work is to investigate the
interdependence of viscosity and structure
of the spodumene glasses in conditions of
thermal treatment.

Occurrence and composition of the crys-
talline phase in the glasses was established
using X-ray diffraction (XRD), pet-
rographic and gradient-thermal methods of
analysis. X-ray diffraction analysis was car-
ried out using DRON-3M apparatus. Pet-
rographic analysis was performed using po-
larization microscope NU-2E with magnifi-
cation of up to 1000X. Investigation of the
phase transformations in the glasses and es-
tablishing their thermal treatment tempera-
ture were performed by differential thermo-
gravimetric curves method on Paulik-
Paulik-Erday system Q-1500D
derivatograph. Crystallization ability of the
glasses was determined by gradient heating
method in the temperature range of
20+900°C. Viscosity of the glasses was de-
termined by thread elongation method on
the viscosimeter manufactured by OJSC
"Glass Institute” (Russian Federation).

2.2. Choice of criteria system for obtain-
ing protective glass-ceramic materials for

armor protection and requirements to base
glass matrix

Obtaining the high-strength lightweight
glass-ceramics with necessary values of per-
formance characteristics is accomplished by
provision of the phase separation process
with consequent fine nucleated crystal-
lization of the amorphous matrix with for-
mation of reinforced crystalline structure at
the low-temperature thermal treatment.
Combination of +the high mechanical
strength for provision of resistance to en-
ergy-destructive components and ability to
absorb and dissipate the impact stresses;
low viscosity; and relatively low cost is
characteristic to the spodumene glass-ce-
ramic materials.

Based on these statements we chose the
requirements to base glass matrix in obtain-
ing the spodumene glass-ceramic materials:

— formation of [AlQ,], sybotaxic groups
in the glass melt with consequent formation
of crystallization nucleators during cooling
due to metastable spinodal liquation;

— provision of glass viscosity of n =
10879 Pas at softening temperature Tg;

— fine volume crystallization with for-
mation of the high strength PB-spodumene
phase in amount of 80 vol. % with crystal

Table 1. Chemical composition of model glasses and crystalline phases formed after melting a glasses

Group| Marking | Chemical composition of model glasses, | Melting |Structure of Structure of
of GSM mass % temperatureglasses after glasses after
. . . ,C melting single-stage
Phase-forming Crystallization thermal treatment
components catalyst
Li_ZO* Al,O4 | SiO,
(LiIF,)
1 SP-1 11.0 10.5 65.8 ZnQ, Zr0,, 1400 Li,SiO, B-LiAISI,Og
SP-2 6.0 10.0 64.0 ftorides 1400 B-LiAISi,Of
2 SP-3 5.2% 31.6 | 37.3 ftorides 1550 amorphous CaF,
SP-4 5.65° | 34.15 |40.25 ftorides 1600 NaAISiO,, CaF,
3 SP-5 10.0 12.8 60.0 TiO,, SnO,, 1450 B-LiAISi,Og
Zn0, Zr02,
P,0s
SP-6 10.0 11.0 60.0 TiO,, ZnO, 1450 B-LiAISI,Og
205
SP-7 7.0 11.0 55.0 TiO,, Zn0, 1400 B-LiAISi,Og
P05
4 SP-8 10.0 15.0 60.0 Zn0, P,0q, 1400 Lig 6Alg 6515 40g.»
CeO, Li,MgSiO,
SP-9 8.0 20.0 60.0 Zn0O, P,0;, 1400 B-LiAISi,Og
CeO,
416 Functional materials, 23, 3, 2016
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Fig. 1. Dependences of viscosity logarithm
from temperature for experimental glasses.

size of 1 um in conditions of the low-tem-
perature thermal treatment.

2.3. Development of model glasses

To determine the regions of existence of
glasses as the base of synthesis of lithium
aluminosilicate materials, R,0-RO-RO,—
R,05-LiF- CaF,—P,0g-Si0, system was cho-
sen, where Rzo — Nazo, L|20, Kzo, RO —
Ca0, MgO, ZnO, RO, — ZrO,, TiO,, R,04
— AlLO3, B,Oj3 (Table). Depending on the
amount of phase forming components and
nucleators, the model glasses-ceramic mate-
rials were divided into four groups (Table).
Introduction of Na,O and K,O into the glass
will allow to significantly decrease the tem-
peratures of melting and thermal treat-
ment, and along with introduction of B,O5
and MnO, to decrease their density, which
is an important condition of obtaining the
technologically effective lightweight glass-ce-
ramic materials. To provide volume crystal-
lized structure, traditional catalysts with dif-
ferent action mechanism, such as TiO,, ZrO,,
Sn0O, and fluorides were selected. Distinctive
feature of the model glasses is that they con-
tain P,Og and ZnO which explains their abil-
ity to form fine the interlocked structure. At
the same time, presence of P,Og in the struec-
ture of the model glasses allows to decrease
specimen’s stress and strain that result from
absorbing the energy of impact.

In the experimental system the field of
the model glasses of SP series was confined
in determined concentration limits and the
glasses were synthesized as the base for ob-
taining the spodumene glass-ceramic materi-
als (GCM). The glasses of SP series were
melted in the same conditions at
1400+1600°C in corundum crucibles with
consequent cooling on the stainless steel
sheet. The model glasses with different
ratio and amounts of glass-forming compo-
nents are divided into opacified (group 1)
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and transparent (group 2, 3 and 4) (Table)
by the pattern of the crystalline phase oc-
currence after melting.

3. Results and discussion

3.1. Investigation of mutual influence of
viscosity and crystallization ability of model
glasses

According to the data obtained from the
X-ray diffraction analysis, the model
glasses of group 1 are characterized by oc-
currence of lithium metasilicate erystalline
phase after melting. The model glasses of
groups 1, 3 and 4 are the X-ray amorphous
after melting (Table). The petrographical
analysis of these glasses has shown that all
specimens were colorless anisotropic eutec-
tic solidified melts. Composition of the
model glasses contains nonuniformities of
fluctuation nature, which become the most
developed near eutectic points, where for-
mation of two phases at once is possible.
This allows to make a conclusion that dur-
ing thermal treatment of materials based on
these glasses, the strengthened fine struc-
ture is formed by directional crystallization.
Investigation of phase transformations in
the experimental glasses after single-stage
exposure to temperatures of 450+950°C in
the gradient furnace allowed to reveal the
presence of B-spodumene crystalline phase
in the amount of 60 vol. % in all glasses of
groups 1, 3 and SP-9 glass of the group 4.

To determine the values of viscosity on the
stages of nucleation and crystal growth that
are optimal from the standpoint of achieving
intensive fine crystallization of B-spodumene,
crystallization viscosity of the glasses from
different groups was investigated: SP-2,
SP-6 and SP-9.

The results of the viscosity investigation
(Fig. 1) have shown that distinctive feature
of all experimental glasses is the abnormal
increase of viscosity in the glass transition
range T,~Ty, which is related to the forma-
tion of nuclei and the crystal growth. Level
of crystallization viscosity increase is deter-
mined by the amount of crystal phase, and
grows with the increase of its amount. In
the temperature interval of 650+800°C
(Fig. 1) a characteristic dependence of vis-
cosity versus temperature is observed for
the experimental glasses (decrease of viscos-
ity upon increase of temperature). This is
explained by the fact that upon temperature
increase there comes a point when the rate
of temperature increase begins to outrun
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the rise of viscosity which leads to a gap on
viscosity curve [8].

Significant increase of crystallization
viscosity m = 1094 Pa-s at 680°C for SP-2
glass is the evidence of both intensive nu-
cleation and crystal growth (about 30 vol. %),
which have been formed during cooling
after melting of the glasses. Absence of the
crystalline phase after melting for glasses
SP-6 and SP-9 leads to somewhat reduced
value of their viscosity n =10%7 and
1092 Pa-s, respectively (Fig. 1).

According to results of the gradient ther-
mal analysis, the high values of viscosity of
SP-2 glass in vicinity of softening tempera-
ture influence on the shift of crystallization
of P-spodumene to the high temperature
field of 900+950°C. For SP-2 and SP-9
glasses the field of opalescence is observed,
which is characteristic manifestation of the
metastable phase separation for these glasses
at lower temperatures of 550+650°C. Intro-
duction of manganese and cerium oxides to
SP-9 glass allows to decrease their low-tem-
perature and high-temperature viscosity. For
that reason, after the long-term heating at
850+900°C, transformation of [-eucryptite

solid solution into P-spodumene occurs.

The mutual influence of viscosity and
crystallization ability is observed indirectly
on DTA curves. The results of DTA show
that for SP-2, SP-6 and SP-9 model glasses
the temperature rang of glass transition is
determined by their viscosity and for the
highly viscous glass SP-2 it is (480+ 580)°C
(Fig. 2). For SP-6 and SP-9 glasses this
range is shifted to the low-temperature
field and equals (450+550)°C.

The SP model glasses at large are charac-
terized by DTA curves typical to the glass-ce-
ramic materials. The high and narrow exo-
thermic effect peaks may be evidence of for-
mation of the fine structure with consequent
volume crystallization at high temperatures.
Proximity of the first exothermic effect to
endothermic effect is linked with crystal-
lization of vitreous material at high viscosity
near softening temperature, which allows to
conclude that crystallization of the specimen
will take place without its deformation. There
is always a minimum before the maximum
that corresponds to irreversible -crystal-
lization process, in particular, to pre-crystal-
lization increase of the heat capacity.

Distinct exothermic effects are observed
on the thermograms of SP-2, SP-6 and SP-9
glasses in the temperature range of
650+680°C, which are related to the crystal-
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Fig. 2. Thermograms of experimental glasses.

lization of P-eucryptite in them (Fig. 2).
Further thermal treatment of the glass-ce-
ramic material at 780+900°C leads to re-
crystallization of p-eucryptite metastable
crystals into stable B-spodumene
vitreous SiO, with respective increase of the
crystalline phase. The largest area of endo-
thermic effect located before exothermic ef-
fect of P-spodumene crystallization which
determines its quantity belongs to SP-9
glass. The fluctuations formation with the
following nucleation process at softening
temperature TE allows to provide fine vol-
ume crystallization with formation of the
high-strength p-spodumene phase in the
amount of 60 vol. % with the crystal size
of 1 um in conditions of the low-tempera-
ture thermal treatment at viscosity of
1092 Pa.s. For SP-2 glass significant in-
crease of viscosity in the glass transition
range results in shifting of B-spodumene
crystallization into the high-temperature re-
gion, which can lead to strength degrada-
tion of the glass structure. Along with that,
more slant exothermal effect on the thermo-
gram of this glass which can be the evi-
dence of enlargement of the crystalline
phase already formed after melting, is an
additional driver of decreasing the strength
of vitreous material on its base. On the
other side, in the low-viscosity conditions,
prerequisites for occurrence of sufficient
quantities of compositional fluctuations nec-
essary for formation of the glass-ceramic
structure of SP-6 glass are not met.
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Fig. 3. Dependence of crack toughness from
the type of thermal treatment.

3.2. Investigation of influence of experi-
mental glass-ceramic materials structure on
their mechanical properties

Results of investigation of mechanical
characteristics of the experimental glasses
and developed glass-ceramic materials after
single-stage thermal treatment allowed to
establish that the structure of the developed
material is stronger in comparison with the
initial glasses. Increase of the crack tough-
ness parameter of the experimental material
is related to the structure characteristics of
the developed glass-ceramics, in particular,
to the blocking of microcracks with pores
and crystalline phase during erystallization.

The highest microhardness values H =
5900 MPa pertain to SP-2 glass with lithium
metasilicate present after melting. After sin-
gle-stage thermal treatment, due to formation
of the glass-ceramic structure, the highest mi-
crohardness value of H = 7890 MPa pertained
to SP-9 experimental glass. B-eucryptite crys-
tallization during the nucleation phase for
SP-9 experimental glass and strength degra-
dation as a result of the crystal growth for
SP-2 experimental glass does not allow for
sufficiently high wvalues of stress intensity
after single-stage thermal treatment.

Formation of the strengthened glass ce-
ramic structure was realized in conditions
of low-temperature two-stage thermal treat-
ment: stage I — 530°C, stage II — 900°C
(glasses SP-6, SP-9); stage I — 530°C, stage
II — 950°C (glass SP-2). Because of the
presence of [-spodumene fine crystals
which are uniformly distributed in the
volume of experimental glass-ceramic ma-
terials in the amount of 80 vol. %., SP-2,
SP-6 and SP-9 have the values of micro-
hardness H = 8330+9084 MPa and crack
toughness in the range of K;,= 2.8+3.4,
which is an important factor in absorbing
impact energy of the bullet without cracks
and breakdown. These microhardness and
crack toughness values are higher compared
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to the initial glasses and glass-ceramic ma-
terials obtained by the single-stage treat-
ment, (Fig. 3).

According to the investigations results it
has been established that SP-9 experimental
glass-ceramic material obtained by the two-
stage low-temperature thermal treatment, is
characterized by the highest values of mechani-
cal characteristics among other experimental
materials and can be used as a base in obtaining
materials for personal armor protection.

4. Conclusions

Thus, importance of obtaining protective
spodumene glass-ceramic materials for ele-
ments of personal armor protection was
analyzed. Mechanism of phase formation in
the materials was determined, which con-
sists in fine volume crystallization of the
glass with formation of B-eucryptite or lith-
ium metasilicate at the viscosities of
1087792 Pa.s and their recrystallization
into stable B-spodumene crystals in the
amount of 60+80 vol. % in conditions of
single- and two-stage thermal treatment. It
was established that formation of the glass
ceramic structure of the material with opti-
mal composition with B-spodumene provides
strength characteristics of H = =7890 MPa,
K, c=38.4 MPa-m®5 and allows to use them
as a base in obtaining elements of personal
armor protection.
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