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ABSTRACT

Glass materials based on lithium zinc silicate system of the composition
24Li,0-20Zn0-56Si0, LZS (mol%) were prepared and converted to glass-ceramics using
controlled heat-treatment schedules. The LZS base glass system was modified by addition of
Al,03 and MO/ZnO replacements where MO =CaO, CdO and SrO oxides. Several crystalline
phases were developed, including lithium zinc orthosilicate, a-quartz, B-spodumene solid
solution, lithium meta and disilicate, Ca-wollastonite, Cd or Sr metasilicate, and Sr-zinc
silicate of hardystonite type. The effects of crystallization process on some properties,
like thermal expansion coefficient (TEC), chemical stability, and density of glass—ceramics
were evaluated. The TEC of crystalline samples varied from 72 x 10~/ to 149 x 107 K1,
25-600 and density values in the range, 2.67-3.29 g/cm3. The addition of Al,03; and MO/ZnO
replacements in the base glass led to improve the chemical durability of the glass—ceramics
samples. As a result of the thermal and physico-chemical properties of the studied
glass-ceramic, the materials acquire excellent properties and can be used to seal a variety

of different metals and alloys.
© 2017 SECV. Published by Elsevier Espaia, S.L.U. This is an open access article under the
CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Caracteristicas de cristalizacion y propiedades fisico-quimicas de los
materiales vitroceramicos compuestos a base del sistema Li,0-Zn0-SiO,

RESUMEN

Los materiales de vidrio compuestos a base del sistema de silicato de cinc y de litio, de la
composicién 24Li,0-20Zn0-56Si0, LZS (mol %), se prepararon y se convirtieron en vitro-
cerdmica con regimenes de tratamiento térmico controlado. El sistema de vidrio de base
LZS se modificé mediante la adicién de reemplazos de Al,0; y MO/ZnO, donde MO = 6xidos
de CaO, CdOy SrO. Se desarrollaron varias fases cristalinas, incluyendo ortosilicato de cincy
de litio, de cuarzo «, solucién sélida de espomudeno, metal litio y disilicato, Ca-wollastonita,
metasilicato Cd o Sr, y silicato de cinc Sr de tipo hardistonita. Se evaluaron los efectos del
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proceso de cristalizacién en algunas propiedades, como el coeficiente de expansién
térmica, la estabilidad quimica y la densidad de las vitroceramicas. El coeficiente de
expansion térmica de las muestras cristalinas vari6 de 72 x 10~ a 149 x 1077 °K~! (25-600)

y los valores de densidad en el intervalo 2,67-3,29 g/cm3. La adicién de reemplazos de
Al,03 y MO/ZnO en el vidrio base produjo una mejora de la durabilidad quimica de las
muestras vitroceramicas. Como resultado de las propiedades térmicas y fisico-quimicas
de la vitroceramica estudiada, los materiales adquieren excelentes propiedades y pueden

utilizarse para sellar una variedad de diferentes metales y aleaciones.

© 2017 SECV. Publicado por Elsevier Espaiia, S.L.U. Este es un articulo Open Access bajo
la licencia CC BY-NC-ND (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

Glass-ceramics are promising materials for novel and smart
applications. They are produced by controlling heat-treatment
regime from the glass to obtain materials with unique prop-
erties in comparison with the basic glass [1]. Glass—-ceramic
materials possess a combination of interesting and useful
properties like tunable thermal expansion coefficient (TEC),
good mechanical and chemical durability as well as electri-
cal resistivity, which lead to using it in different technological
applications including seals and coatings [2]. Generally, there
are various types of glass based on borate, phosphate, and sil-
icate systems reported for the preparation of glass-ceramics
reliable in metal sealing application. Glass—ceramics based on
Lip0-ZnO-Si0, (LZS) glass is one of the most promising sys-
tems characterized by a number of distinct features such as,
excellent glass forming ability, high electrical resistivity, mod-
erate sealing temperatures, wide range of thermal expansion
coefficient, high fluidity and excellent wetting characteris-
tics [3]. Therefore, glass-ceramic materials derived from a
lithium zinc silicate system have an extensive applicability
in sealing a variety of metals and alloys [4]. The thermo-
physical and chemical property of the LZS glass—ceramics,
mainly depends on the specific constituents of the original
glass, heat treatment regime, type of the nucleating agent,
and kind and amount of crystalline phase compositions. The
crystallization characteristics and thermo-physical properties
of (LZS) glass were studied by many authors [5-8]. Li;Si;Os,
Li,SiOs, LiZnSiO4, and SiO, were developed as major phases
in this type of glass—ceramic materials after the controlled
heat-treatment is applied.

A series of studies to know the effect of adding Al,03
on the crystalline phase constituents as well as properties
of LipO-ZnO-SiO; system were reported for different glass
compositions [9-11]. These glass—ceramics revealed consid-
erable interest attributed to its adaptable thermal expansion
coefficient, excellent hardness, good resistance to mechani-
cal and thermal shock, and low chemical solubility [9-11]. The
unique properties of the LZS glass—ceramics, mainly depend
on the composition and the heat-treatment regime of glass.
Alkali metal oxide [12] and alkaline earth oxide like magne-
sium oxide [13,14]; were added to the Li,0-Zn0O-SiO, glass
system to study the effect of the change in the glass con-
stituents on the crystalline phases formed and properties of
resultant crystalized materials. Nevertheless, few researches
about (LZS) glass-ceramics with CaO were performed [15,16].

To our knowledge, there is no available or rare research data
about the role of CdO or SrO addition and their effect on the
crystallization behavior and the physico-chemical properties
of the Li;0-Zn0-Si0O; glassy system. So, the objective of this
work is to study the influence of the addition of Al,03 and the
replacement of ZnO by CaO, CdO and SrO on the crystallization
characteristics, including the nature and stability of the crys-
talline phases formed, the phase relation, microstructures, the
chemical, and thermal properties of the glass-ceramic mate-
rials derived from the Li;O-ZnO-SiO; system. The thermal
expansion coefficient (TEC), density, and chemical durability
properties of the obtained glass-ceramics were evaluated to
investigate their efficiency to be used as a seal for a variety of
different metals and alloys.

Experimental techniques

Glass composition and preparation

In the present work, eight glass samples based on the
Li;0-ZnO-Si0, system were investigated. The base glass with
the composition 24Li,0-20Zn0-56Si0; (mole%) [17] was modi-
fied by adding (CaO, CdO, and SrO) at the expense of ZnO oxide.
0.1mole% of Al,03 oxide was also added to the base glass com-
position over 100 g glass oxides. The glasses were prepared by
using reagents of lithium carbonate (Li,CO3), zinc oxide (ZnO),
strontium carbonate (SrCOs), calcium carbonate (CaCOs3), cad-
mium carbonate (CdCO3), aluminum oxide (Al,03), and quartz
(SiOs). The chemical nominal compositions of the investigated
glass are summarized in Table 1. The well-mixed reagent pow-
ders were melted in a platinum crucible at a temperature
range of 1350-1400°C for 2h to form homogenous molten
glass, which was cast into a preheated stainless steel mold to
form transparent glass by cooling rapidly. Then the cast glass
samples were immediately transferred to an annealing fur-
nace at about 450°C and held at 3h to reduce residual stress
and then cooled to room temperature.

Differential thermal analysis (DTA)

The thermal behavior of the finely powdered (45-75 pm) glass
samples was examined using the differential thermal analyzer
(DTA, SDTQ 600-TA Instruments, USA) to determine the glass
transition temperature (Tg) and crystal growth temperature
(Tc) of the glass samples to obtain the optimum conditions
for the heat-treatment regime. The DTA measurements were
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Table 1 - The composition of the glasses studied.

Sample Oxide nominal constitutions (mole%) Oxide added mole
Li,O ZnO Cao Cdo SrO Si0, Al O3

Gy 24 20 - - - 56 -

Go 24 20 = = = 56 0.1

G3 24 10 10 - - 56 -

Gq 24 - 20 - - 56 -

Gs 24 10 - 10 - 56 -

Ge 24 - - 20 - 56 -

Gy 24 10 - - 10 56 -

Gsg 24 - - - 20 56 -

performed using about 30 mg of powdered samples that were
placed in an alumina crucible. Measurements were made in
the temperature range of 25-1000°C, with a heating rate of
10°C/min in a flowing high purity nitrogen environment.

Heat-treatment schedules

The glass—ceramic specimens, with minimum residual glassy
phase without deformation, were obtained by the controlled
crystallization of the glass using double stage heat-treatment
regimes. The glasses were crystallized according to the DTA
datain an electric muffle furnace provided with a temperature
controller. At the endothermic peak temperature of each glass
composition, the glass sample was soaked for 5h, and then
raised up to exothermic peak temperature recorded on the
DTA of each glass for 10h duration. After crystallization, the
muffle furnace was switched off and the samples were allowed
to cool down to room temperature.

X-ray diffraction analysis (XRD)

Identifications of the crystalline phases formed in the
glass-ceramic specimens attributed to the controlled crystal-
lization of the glasses were confirmed by X-ray diffraction
analysis. X-ray diffraction (XRD) data were measured by (Pan-
alytical, X Pert XPro, Netherlands) with Cu Ka radiation in the
26 range from 5° to 70 at 0.02° steps, and JCPDF cards were
used to identify the type of the crystalline phases formed.

Scanning electron microscope (SEM)

The microstructure characteristics of the crystallized speci-
mens was carried out using a scanning electron microscope
equipped with an energy dispersive spectrometer (SEM/EDS,
Quanta FEG 250, Netherlands). For SEM characterization,
freshly fractured surfaces crystallized specimens were etched
by immersion in a (1%HF + 1% HNO3) solution for 1 min. After
that, the samples were washed with distilled water and dried
in the dryer at 120 °C for 1 h. The fracture surfaces were coated
with electro-conductive gold film for good conductivity by the
sputtering method.

Thermal expansion coefficient
The thermal expansion coefficient (TEC) of the glass-ceramic

materials was measured linearly from the thermal expan-
sion curve, and was determined using a contact dilatometer, a

thermal mechanical analyzer (Model: DIL-402PC, Netzsch, Ger-
many) at a heating rate of 10 °C/min in the temperature range
between 25 and 700 °C. The average linear TEC () of the bulk
glass—ceramic rods of dimensions (20mm x 5mm x 5mm)
were calculated using the following equation:

AL
o =
LoAT

where AL, Lo, and AT are the linear expansion, the initial
length of sample, and the specified temperature interval,
respectively.

Density measurements

The bulk density of the glass-ceramics was measured at
room temperature using the standard Archimedes’ principle
using distilled water as immersion liquid. Five different piece
rods for each glass sample were used, free from bubbles and
inclusions during the casting process. The relative weights of
glass-ceramic samples in air and in distilled water were mea-
sured using an electrical digital balance with an accuracy of
+0.001mg. The densities were calculated using the equation
below:
ow(T)Ws

P = W, — Wy

where p is the sample density (g/cm?), py, (T) is the density
of water at the measured temperature (g/cm3),W; is the sam-
ple weight in air (g) and Wy, is the sample weight in water (g).

Chemical durability test

In the present work, the powder method was applied to assess
the chemical durability of the glass—ceramic materials. The
samples were crushed in an agate mortar and then sieved
to obtain particles with diameter ranging between 0.63 and
0.32mm [18,19]. Very fine grains can’t be used because they
will stick together and to the wall of the container and a large
portion of the sample will therefore become shielded from the
attack by aqueous solutions. The grains were then washed by
decantation in ethyl alcohol three times and were then dried.
The dried sample was accurately weighed (1 g) in a G4-sintered
glass crucible, which was then placed in a 300ml polyeth-
ylene beaker. The crystalline samples were tested for their
chemical durability in 0.1 M HCI solution, 200 ml of the acidic
solution was introduced into the polyethylene beaker. The
polyethylene beaker with its contents was covered by poly-
ethylene cover to reduce evaporation. The chemical durability
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Fig. 1 - DTA curves of the investigated glasses.

was expressed as the weight loss percent. The experiments
were carried out at 95°C for 1h to the different crystalline
samples. The sintered glass crucible was then transferred and
kept in an oven at 120°C for 1h, then transferred to cool in a
desiccator. After cooling, the total weight loss percent of the
samples were calculated.

Results and discussion
Crystallization behavior and microstructure

The crystallization process in the glasses is conventionally
completed through a two-step heat-treatment regimes con-
sisting of a nucleation stage followed by the crystal growth
stage which is accurately determined by the DTA results.
Fig. 1 represents the DTA plots of the investigated glasses at a

heating rate of 10°C/min. It is clear that all of the DTA curves
have only one endothermic peak while various exothermic
peaks, which referred to the crystal growth characteristics of
the glasses, are also recorded. The onset of the endothermic
peak which represents glass transition temperature (Tg) and
temperature of an exothermic peak (T.) were studied to deter-
mine the effect of the different addition and replacement
processes in the base glass on the crystal phases formed.
It is obvious from Fig. 1 that the base glass G; exhibits the
transition temperature at around 471°C, and two well-clear
crystallization peaks T¢; and T, are around 618°C and 834°C
respectively. The results show that the transition temperature
was increased with the addition of 0.1 mole Al,03 over 100g
oxides in the base glass. This conduct can be due to the
increase of the viscosity of the resultant glass melts, and
rigidity of the glass network structure by the formation of
tetrahedral (AlO4) group. It is agreed that the glass transition
temperature value increases with increasing the structural
strength of glass [20,21].

The value and trend of Tg due to the MO/ZnO replacement
ratio and the type of MO where MO is Ca0O, CdO and SrO oxides
are shown in Fig. 1. Intermediate oxides may either reinforce
the network or further loosen the network, but do not have
the ability to form a glass on their own. For instance Al,0s3,
MgO and ZnO have a tendency to take part in the glass as a
network former making it an intermediate oxide. Ren et al.
[22] stated that zinc has a tendency to take part in the glass
network because of the covalent character of the bond it forms
with oxygen. DTA results show that at 50% ZnO substitution,
i.e., 10% mol of CaO, CdO, and SrO, the glass transition temper-
ature shift toward lower values, i.e. alower energy is needed to
induce nucleation in the glasses. This may be explained on the
basis that calcium, cadmium, and strontium charge balanced
the zinc entering the network of the glass, while lithium acting
like a modifier is not involved in the charge balance process
so a relatively disrupted network could be occurring. While at
100% ZnO substitution, the glass network structure contain-
ing only strong bond between oxygen’s and silica with respect
to Zn-0 bond, could result in an increase in the Tg as more
energy is required to break the bonds [23]. In fact, these results
are fully similar also to magnesium results when existing as
network former in the glasses [24].

X-ray diffraction analysis is a powerful instrument to
identify the crystalline phases developed during the con-
trolled heat-treatment regime. Figs. 2 and 3 show the powder
XRD patterns of the glass—ceramic specimens heat-treated
at the optimum nucleation and crystal growth temperatures.
These patterns show differences in type and proportions
of the crystalline phases formed after heat-treatment and
all phases were identified with PDF files. The phases devel-
oped in the base glass sample ie., G; of composition
24Li,0-20Zn0-56Si0, (mole%) heat-treated at 470°C/5h and
835°C/10h, were lithium zinc orth-silicate yo-LipZnSiO4 (PDF,
card No. 15-0056), a-quartz SiO, (PDF, card No. 33-1161), and
small amount of lithium di-silicate Li,SipOs (PDF, card No. 40-
0376) [Fig. 2a, pattern I, Table 2]. These results support those
reported by Stewart and Buchi [17] who determined the phase
relationship in the Li,0-Zn0O-SiO, glass system. At the begin-
ning of crystallization the unstable lithium zinc silicate phase
with a formula close to LizZng 5Si0O4 was formed. However by
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Fig. 2 - The X-ray diffraction patterns of the glass-ceramics samples for (a) effect of Al,03; addition and (b) effect of CaO/ZnO
replacement.

10 20 30 40 50 60 70 10 20 30 40 50 60 70

2 theta 2 theta
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1 Cadmium metasilicate ¥ Strontium metasilicate B Strontium hardystonite

Fig. 3 - The X-ray diffraction patterns of the glass-ceramics samples for (a) effect of CdO/ZnO replacements and (b) effect
of SrO/ZnO replacements.

Table 2 - Crystalline phases developed and propertied of the prepared glass-ceramics.

Sample Crystalline phases developed « (1077 K1) Density (gcm™3) Weight loss % leaching by
(25-600°C) 0.1N HCl
Gy Vo-LizZl’lSl‘O‘;, a-quartz, LizSizOs 149 2.99 8.67
Gy Y0-Li,ZnSi04, B-spodumene ss 89 2.93 6.43
G3 Vo-LizZl’lSl‘O‘L, a-quartz, LizSizOs, CaSi03 112 2.81 6.57
@a Li,Si03, CaSiO; 72 2.67 2.68
Gs Vo-LizZl’lSl‘O‘L, a-quartz, LizSizOs, CdSi03 121 3.25 7.01
@q Li,Si03, CdSiOs 80 3.29 412
Gy Vo-LizZl’lSiO‘L, LizSizOs, Sr22n81207 102 2.95 8.01

Gg L125103, SI’SIO?, 79 291 5.78
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increasing the degree and time of crystallization, the unstable
Li3Znp 5Si04 phase became more stable with a composition
v0-Li,ZnSiO4 and remained in this form upon cooling to room
temperature [10].

Generally the types and ratios of the resulting phases cre-
ated in the crystallized glass specimens were significantly
dependant on the diversity of the glass compositions and
the controlled thermal treatment process. Mineralogically,
v0-LipZnSiO4 and B-spodumene solid solution (PDF, card No.
35-0797) phases were crystallized by the addition of 0.1 mole
of Al,O3; on the base glass i.e., Gy, Li»Si,Os and a-quartz
phases cannot be detected as confirmed from the XRD data
[Fig. 2a, patternII, Table 2]. It is suggested, therefore, that Al,03
could be reacted with lithium di-silicate to form B-spodumene
LiAlSi;O¢ phase and the residual from alumina and lithium
combined with silica to form spodumene phase as indicated
in the following reaction:

A e 1 1.

LiSipOs + Al,O3 — LiAlSiO¢ + - Al,03 + =LiO (1)
Lithium disilicate B-spodumene 2 2

1 1. . Ao

§A1203 + ELIZO + 2Si0, — LiAlSi,Og (2)

Silica B-spodumene

Theoretically, on the basis of petrochemical method
[25], the recalculation of the resultant compositions into
normative mineral molecules indicated that vyo-Li;ZnSiOy,
B-spodumene-LiAlSi;Os, and quartz-SiO, phases could be
formed from the glass compositions. It is assumed therefore
that the preferential formation of B-spodumene solid solu-
tion was favored by the great propensity of the pyroxene
structure-spodumene to accommodate the SiO, component
in its structure to form solid solution B-Spodumene ss phase.
Salman et al. [26] proved leaving no room for doubt that B-
spodumene is isostructural with silica polymorphs, B-quartz
and keatite forming solid solution with silica SiO;. In these
glutted silica structure, AlOy4 tetrahedral replace the SiO4 tetra-
hedral, mainly lithium and/or may be zinc, charge balance the
aluminum entering the network of the glass structure.

Itemized study of the X-ray diffraction analysis was fol-
lowed the effect of replaceming zinc oxide by calcium oxide
in the base glass G1 on the crystalline phases created in
the glass—ceramic samples (Gs and Gy) (Fig. 2b, Table 2). The
controlled heat-treatment of glass G3 (with CaO/ZnO equal
10mole%) led up to the formation of vyg-Li;ZniO4, Li;SiyOs,
a-quartz, and wollastonite CaSiOs; (PDF, card No. 84-0655)
phases. The wollastonite phase was formed partially at the
expense of a-quartz phase, as indicated from XRD analysis
(Fig. 2b, Pattern II). While, when the CaO/ZnO replacement
reached up to 20mole% i.e. G4 lithium meat-silicate Li;SiO3
phase (PDF, card No. 83-1517) and wollastonite phase were
formed (Fig. 2b pattern III). Glass-ceramic materials based on
wollastonite CaSiOs have high potential and promising appli-
cations. These materials are used in biomedical applications
for bone regeneration and magnetic hyperthermia therapy
of bone defect and drug delivery [27]. Other recent applica-
tions of wollastonite based glass-ceramic materials include
light-display and optoelectronic devices [28], as well as solid
lubricant for ceramic molds [29].

Prolix study for the influence of CdO/ZnO replacement in
the base glass on the crystalline phases formed of (Gs and
Ge) was detected by the XRD analysis (Fig. 3a, patterns II and
III). The phases developed in the glass-ceramics sample Gs
with CdO/ZnO replacement equal to 10 mole were yo-Li»ZniOg,
Li,SiyOs, a-quartz and cadmium meta-silicate CdSiO3; (PDF,
card No. 35-0810). On further addition of CdO, i.e. sample Gg
(with 20mole% CdO), the XRD analysis (Fig. 3a, Pattern III)
revealed that only Li;SiO3 and CdSiOs phases were crystal-
lized. Cadmium meta-silicate, CdSiO3 phase is crystallized
in the monoclinic space group which is isostructure with
the structure of pseudo-wollastonite, CaSiO3 [30]. Cadmium
metasilicate based materials are promising for modern and
smart applications. These materials show excellent phos-
phorescence property when doped with rare earth ions and
some transition metal so can be used to tune the excitation
energy storage and subsequent emission at room temperature
[31].

The effect of adding strontium oxide instead of zinc oxide
in the base glass with different ratios as 10 and 20 mole% (i.e.
Gy and Gg) (Fig. 3b, and Table 2) revealed that at low SrO/ZnO
replacement equal 10mole%, i.e. G7, yo-Li2ZnSiOq, Li;SizOs
and strontium hardystonite Sr,ZnSi, 07 (PDF, card No. 39-0235)
phases were formed, as proved by the XRD (Fig. 3b, Pattern
IT). Strontium hardystonite compound belongs to a group of
minerals known as melilite. This group has the general chem-
ical formula X,T'T? ,A;, where X is a large mono-divalent
or di-valent cation, T and T2 are small di- to tetravalent
cations (T*=Be, Mg, Al, Co, Zn... T?=Al, Si, Ge ...), and A
is an anion, frequently O, but also F or S [32]. The ceramic
materials based on alkaline earth disilicate in the formula
A,BSi»07 doped with rare earth ions become interesting in the
field of photoluminescence because they have an excellent
luminescent efficiency as well as high thermal and chemi-
cal stability [33]. Tiwari et al. [34] reported that during the
crystallization of strontium zinc silicate glasses initially SiO,
and ZnSiO; were crystallized as metastable phases. They
postulated that by increasing the temperature and time of
crystallization process the SiO; and ZnSiO3; metastable phases
are converted to more stable strontium zinc silicate of hardys-
tonite type Sr,ZnSi; 07 phase as illustrated from the following
reaction.

ZnSiOs(orthorhombic) + 2SrO(glass) + SiO,(glass)

— SryZnSiyOy(tetragonal) (3)

It should be noted that the increase of SrO instead of ZnO
up to 20mole%, (i.e. Gg) led to forming two crystalline phases
Li,;SiO3 and strontium meta-silicates SrSiO3; (PDF, card No. 06-
0415) as indicated from the XRD analysis (Fig. 3b, Pattern III).
Strontium meta-silicates crystalline phase belongs to inosili-
cate mineral group with an Si:O ratio of 1:3 [35]. Thus, during
the crystallization of glass Gg, it was assumed that SrO can
combine with the equivalent amount of SiO, to form stron-
tium meta silicates, according to the following reaction [34].

SiOy(hexagonal) + SrO(glass)

— SrSiO3(monoclinic)/Sr3SizOg(monoclinic) (4)
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Fig. 4 - SEM micrographs of the glass-ceramics samples for (a) G, (b) G2, (C) Ga, (d) Ge¢ and (e) Gs.

Microstructure not only plays a pivotal role in defining the
final properties of glass-ceramics, but also is substantial to
explain the conduct of controlled nucleation and crystalliza-
tion processes, including the apportionment and morphology
of crystals. In the glass-ceramic materials selecting the
optimum composition and heat-treatment regime leads to
form different microstructures, and hence different specific
properties allowed these materials to be used in different
technological applications. Fig. 4 shows the SEM micrographs
of the glass-ceramic specimens prepared after controlling
heat-treatment regime. Volume crystallization with rather
fine microstructures was observed for all the compositions
studied. Interconnected network microstructure of massive
dendritic crystals was obtained from the base glass-ceramic
specimen G (Fig. 4a). This may be attributed to the crystal-
lization of lithium zinc metasilicate crystals. Lu et al. [35]
reported that the microstructure of Li,ZnSiO4 crystal phase
form dendritic shape similar to Li3PO4 crystals. While, vol-
ume crystallization of typical spherical shape may be due to
the formation of spodumene crystals developed in the sample

G, as shown in (Fig. 4b). Hu et al. [36] found that p-quartz ss
crystal phase forms network structure by a number of spher-
ical crystals. The effect of CaO/Zn0O, CdO/Zn0O, and SrO/Zn0O
replacements on the grain microstructure behavior of the cor-
responding glass-ceramics appears by SEM micrographs in
(Fig. 4c-e) respectively. The presence of CaO instead of ZnO in
the base glass up to 20 mole% (i.e. G4) enhanced the formation
of volume fibrous crystals microstructure which characterized
the wollastonite phase (Fig. 4c). Spherulite-like crystals were
formed in the glass—ceramic sample Gg with CdO/ZnO replace-
ment ratio equal 20 mole%, (Fig. 4d). SEM micrograph of the
fractured surface of Gg (with 20 mole% SrO/ZnO replacement,
Fig. 4e) revealed that volume crystallization of tiny aggregates
microstructure was developed.

Physical properties
One of the main important advantages of glass-ceramics

is that the chemical composition of the glass and the crys-
talline phases can be designed and controlled so, given the
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Fig. 5 - The coefficients of thermal expansion of the
investigated glass—ceramics.

wonderful opportunity to control some physical properties
like the thermal expansion coefficient. Fig. 5 shows the influ-
ence of the amount and kind of crystalline phases formed on
the TECs of the investigated glass—ceramics. The average TEC
values (25-600 °C) are represented in Table 2. It is known that,
thermal expansion coefficient behavior of glass—ceramics
basically depends on the amount and kind of the crystalline
phases constituent and the proportion of the remaining
glassy matrix between the crystals. As a matter of fact, the
crystalline samples show moderate alpha values except that
of the base sample Gq, which exhibits high values. The high
a-values of the base glass-ceramic sample may be attributed
to the presence of the high amount of yo-Li;ZnSiO4 phase,
which have «-values (110-180) x 10~7K~! (25-1030°C) [37].
The data obtained clearly revealed that the addition of Al,03
in the base glass led to decreasing the a-values of the corre-
sponding glass—ceramics i.e. G, as shown in Fig. 5. This may
be due to the formation of much lower expansion coefficients
B-spodumene ss phase instead of relatively high expanded
lithium di-silicate and a-quartz phases. Lithium disilicate has
a-value of 110 x 10~7K~? (20-600°C) [38] while spodumene
and its solid solution have a low positive value (3-9) x 10~ K1
(20-700°C) [39]. Demirkesen et al. [9] reported that the coef-
ficient thermal expansion of the prepared glass-ceramics
decreased from 124x107%°C™! to 6.3x107°6°C~! with
Al,03/Zn0 replacement in the Li;0-ZnO-SiO, glass system.
They, attribute the cause to the formation of low-expansion
B-spodumene and its solid solutions phase instead of
high-expansion cristobalite and y0-LZS phases.

Detailed study for the effect of addition of CaO, CdO, and
SrO instead of ZnO in the base glass on the thermal expan-
sion coefficient created in the glass—ceramic specimens was
detected (Fig. 5, Table 2). A progressive decrease in the a-values
was observed with partial and complete CaO/ZnO replace-
ments in the base glass samplesi.e. G3 and Gg. This is possibly
due to the formation of the wollastonite phase, which has
a-value of (60-94) x 107 K~ [38] at the expense of relatively
higher thermally expanding lithium zinc silicate and a-quartz
phases. With respect to the effect of CdO/ZnO replacements
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Fig. 6 — Density of the investigated glass-ceramics samples.

in G; on the thermal expansion coefficients of the crys-
talline materials Gs and Gg, it was seen that the addition of
CdO instead of ZnO has also decreased the a-values of CdO-
containing materials as shown in (Fig. 5, Table 2). This may be
attributed to the formation of cadmium meta-silicate phase
of lower expansion coefficient than that of yp-Li;ZnSiO4 and
a-quartz phases. On the other hand, a decrease in the a-value
of the SrO-containing samples was also detected. This may be
due to the decrease or disappearance of lithium zinc metasil-
icate and a-quartz phases and appearance of relatively lower
thermally expanding Sr,ZnSi;O7 [40] and SrSiO3 phases [41].

Bulk density of the glass—ceramic specimens is shown
in Fig. 6 and Table 2. The data clearly indicates that the
density values of the crystalline samples were in the range
2.67-3.29 g/cm?3. Generally the density of glass—ceramic is sig-
nificantly affected by the amount, density, and microstructure
of crystalline phases formed in the materials. The microstruc-
ture containing large amounts of fracture and voids led to
lower density values. The data recorded reveals that the addi-
tion of 0.1 mole Al,03, Ca0/Zn0, and SrO/Zn0O replacements
led to decreasing the density values of the crystalline glasses
as compared with the base glass G1. However, the density of
the glass-ceramics was increased by the addition of CdO at
the expense of ZnO in the base glass.

It can be explained the density differences in the
glass—ceramic samples to the atomic weight diversity of ele-
ments which in turn is reflected on the molecular weight of
the crystalline phases formed. So, the higher atomic weight
of Cd element compared to that of Ca and Sr elements led
to crystallization of the high molecular weight phase CdSiOs
188.49 in comparison with CaSiOs3 or SrSiO3 phases with the
molecular weight 116.16 and 163.70 respectively.

Chemical properties

The chemical durability is an important property of
glass—ceramics and identifies dramatically their uses in
different environments. It is predominantly agreed that the
stability of glass—-ceramics depends basically on the type and
concentration of crystalline phases constituents, composition
and amount of residual glassy matrix, and microstructure
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Fig. 7 - Chemical durability of the crystallized glasses
in acidic media.

characteristics of the material, all of which is controlled
by the glass batch design and the heat-treatment regime
process [38]. The solubility of different crystalline phases in
acidic media was studied by many researchers. Generally
they reported that the response of phases toward acid attack
can be classified into three different types, very resistant,
weak resistivity, and decompose or gelatinize phases [32,38].
Fig. 7 shows the effect of the crystallization process on the
chemical durability of the present glass—ceramic specimens.
The results indicated that the chemical stability of the crys-
tallized samples was significantly affected by the type and
content of the crystalline phases formed in the materials. The
addition of Al,0O3 on the base glass, i.e., G, led to decreasing
the leaching values of the crystalline glass as compared with
that of the base glass—ceramic sample. This may be attributed
to the crystallization of the high durable spodumene phase
instead of the a-quartz and lithium di-silicate phases as indi-
cated from XRD analysis Fig. 2a. The glass-ceramics based on
lithium aluminosilicate phases like eucryptite, spodumene,
and B-quartz solid solution have excellent chemical durability
in different environments especially toward the acid attack
[42,43].

Fig. 7 shows also the effect of CaO/ZnO, CdO/ZnO, and
SrO/Zn0 replacements with various ratios in the glasses on
the chemical stability of the corresponding glass—ceramic
materials. The present results revealed that all the different
replacements in the base sample G; led to improving the
chemical durability of corresponding glass-ceramic samples.
This may be due to decrease or disappearance of the leachable
lithium zinc meta-silicate Li;ZnSiO4 phase. Demirkesen and
Goller [11] reported that the LiZnSiO4 phase decomposes
easily by acid solution, and is responsible for the high weight
losses occurred upon the leaching of glass-ceramic speci-
mens. The results of the chemical stability indicated also
that the samples G; and Gg (with 10 and 20 mole% SrO) were
less durable than the other examined samples containing
CaO or CdO (Fig. 4). This may be due to that SrSiOz phase
is less chemically resistant than CaSiOs and CdSiOs phases.
Christoffersen et al. [44] reported that strontium (Sr) causes a

crystal expansion due to the large atomic radius of Sr which
increases the solubility of the mineral.

Summary and conclusions

The influence of crystallization characteristics of glasses
based on the composition 24Li;0-20Zn0-56Si0, (mol%) on
the crystalline phase formation, thermal, physical, and chem-
ical properties of the prepared glass-ceramics was carefully
studied. The base glass composition was modified by addition
Al,03 and replacement of ZnO by CaO, CdO and SrO oxides.
The main crystalline phases formed were +o-Li;ZnSiO4, a-
quartz, B-spodumene ss, Li;Si;Os, Li;SiO3, CaSiO3, CdSiOs,
Sr,ZnSi; 07, and SrSiOs. The TEC of crystalline samples varied
from 72 x 1077 to 149 x 1077 °K~! (25-600); the density val-
ues were in the range, 2.67-3.29 g/cm? and the weight loss
percent toward acid attack was between 2.68 and 8.67 wt%.
The results of chemical durability show also that the addi-
tion of Al,03 and MO/ZnO replacements in the base glass
led to dramatic improvement in the glass-ceramics solubil-
ity. The physical and chemical properties of the developed
glass—ceramic materials are suitable to be used as sealant
materials with a variety of metals and alloys. Glass-ceramics
material to-metal-sealing technology based on LZS system are
widely used in electrical and electronic devices.
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