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Abstract

Glass–ceramics based on the CaO–MgO–SiO2 system with limited amount of additives (B2O3, P2O5, Na2O and CaF2) were prepared. All
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he investigated compositions were melted at 1400C for 1 h and quenched in air or water to obtain transparent bulk or frit glass, respe
aman spectroscopy revealed that the main constituents of the glass network are the silicates Q1 and Q2 units. Scanning electron microsco

SEM) analysis confirmed liquid–liquid phase separation and that the glasses are prone to surface crystallization. Glass–cer
roduced via sintering and crystallization of glass-powder compacts made of milled glass-frit (mean particle size 11–15�m). Densification
tarted at 620–625◦C and was almost complete at 700◦C. Crystallization occurred at temperatures >700◦C. Highly dense and crystallin
aterials, predominantly composed of diopisde and wollastonite together with small amounts of akermanite and residual glassy p
btained after heat treatment at 750◦C and 800◦C. The glass–ceramics prepared at 800◦C exhibited bending strength of 116–141 M
ickers microhardness of 4.53–4.65 GPa and thermal expansion coefficient (100–500◦C) of 9.4–10.8× 10−6 K−1.
2005 Elsevier Ltd. All rights reserved.
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. Introduction

Glass–ceramics exhibit particular interest for several
pplications, such as thermal, chemical, biological and
ielectric ones, because these systems provide great possi-
ilities to manipulate their properties, such as transparency,
trength, resistance to abrasion, coefficient of thermal
xpansion, through the control of the composition, extent of
rystallization, crystal morphology, crystal size and aspect
atio. The easy of fabrication techniques in conjunction
ith lower production cost offer additional advantages.1–4

he synthesis of the parent glass is an important step of the
evelopment of the final glass–ceramic material because

he principal components and their proportion in the glass
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composition govern the precipitation of the crystal
phases. The results of this process endow the res
glass–ceramic with the desired properties.

In the CaO–MgO–SiO2 system, glass–ceramics
diopside, wollastonite, and melilite have been thorou
investigated.5–9 Provided that appropriate nucleat
agents are incorporated in suitable amounts, earlier st
have demonstrated that crystallization of diopside
wollastonite-based glass–ceramics advances via a
crystallization mechanism.1–5 In the CaO–MgO–SiO2
system, the first stage of crystallization occurs via separ
of phases, rich in divalent metal oxides and having relat
simple crystal structures, primarily diopside-type solid s
tions. The effect of crystallization-stimulating additions m
result from several mechanisms. For example, Cr2O3 remark-
ably increases the crystallization rate only for Fe-contai
compositions as the corresponding mechanism incl
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formation of spinels, which, in turn, actively catalyse the
formation of pyroxene phases.2,5,10,11The catalytic effect of
fluorides in pyroxene-based systems is due to the intensifica-
tion of phase separation in the liquid phase, associated with
an enrichment of the segregated zones with the pyroxene
component. As a result, diopside-type solid solutions are
formed in the fluoride-containing compositions at the first
stage of crystallization. The stimulating effect of titania
additions in pyroxene systems was found insufficient.12–14

In the case of melilite and wollastonite glass–ceramics, it
has been found that sulphides of Fe, Mn and Zn as well as
fluorides might promote successful bulk crystallization.2,15

Good mechanical and chemical properties of
glass–ceramic materials in the CaO–MgO–SiO2 sys-
tem have indicated these materials as suitable for use in
wear resistant, thermo-mechanical, biomedical1,5,16–18

and ceramic-coating applications.19,20 Nevertheless, the
relatively elevated processing temperatures (e.g. for glass-
melting or for devitrification) characterize this family of
materials. Obviously, high energy consumption opposes the
current global trends related to environmental and economic
issues.

This work aimed to produce high quality glass–ceramics
in the CaO–MgO–SiO2 system based on diopside and wol-
lastonite at temperatures lower than those reported in earlier
studies. To achieve this goal, the basic composition of the
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of the fluxes gradually decreases from the composition 1–3
from 19.31% to 16.39%, respectively. To allow the reader to
understand the behaviour of these materials to a maximum
extent and therefore to assess them for applications, a wide
range of features and properties of the produced materials is
presented.

2. Materials and experimental procedure

Powders of silicon oxide and calcium carbonate (with
purity >99.5%), and H3BO3, 4MgCO3·Mg(OH)2·5H2O,
Na2CO3, CaF2, and NH4H2PO4 (with purity >99.9%) were
used. Homogeneous mixtures of batches (∼100 g), obtained
by dry mixing for 0.5 h in a high-speed porcelain ball mill
(Nannetti, Faenza, Italy), were preheated at 1000◦C for 1 h
for decarbonisation and then melted in Pt crucibles at 1400◦C
for 1 h, in air.

Glasses in bulk form were produced by casting of melts on
preheated bronze moulds and subsequent immediate anneal-
ing at 600◦C (i.e. close to the transformation temperatureTg)
for 1 h. To test the crystallization of these bulk glass samples,
heat treatments at 700◦C, 800◦C and 900◦C for 1 h were
carried out.

Glasses in frit form were obtained by quenching the melts
in cold water. The frits were dried and then dry milled in
a nza,
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arent glass, 51–52% SiO2, 37–39% CaO and 9–12% Mg
all the compositions are referred to wt.%, unless other
tated), was selected in the low temperature region of th
idus surface of the ternary system close to the compo
f the liquid in the invariant equilibrium of the transition ty
i.e. 51.4% SiO2, 36.8% CaO, 11.8% MgO)

iquid + pseudowollastonite� akermanite+ wollastonite

(1)

nd of the eutectic type (i.e. 51.6% SiO2, 35.6% CaO, 12.8%
gO)21

iquid � wollastonite+ diopside+ akermanite (2

Furthermore, with respect to the selected basic com
ions of the parent glasses (i.e. considering them as 10
imited amounts of auxiliary fluxes were incorporated, spe
cally 5.7–6.2% B2O3, 3.3–3.8% P2O5, 5.0–5.5% Na2O and
.5–7.0% CaF2.

In this work, three compositions were investigated,
gnated hereafter as 1, 2 and 3, with chemical composi
resenting in theTable 1. These compositions feature a pr

ically constant ratio among the fluxes but the total con

able 1
hemical compositions of the investigated glasses 1, 2 and 3 (in wt.%

lass SiO2 B2O3 CaO MgO P2O5 Na2O CaF2

1 41.39 5.33 30.05 9.25 3.26 4.74 5.98
2 42.23 4.89 31.54 8.50 2.99 4.36 5.49
3 42.95 4.52 32.80 7.86 2.77 4.03 5.07
high-speed porcelain ball mill for 0.5 h (Nannetti, Fae
taly; balls/material weight ratio was approximately 1.5).
article size distribution of the powders was similar (the m
article size was almost the same: 11.3, 14.6 and 13.5�m for

he powders 1, 2 and 3, respectively). The glass powders
ranulated (by stirring in a mortar) in a 5 vol.% polyvinyl
ohol solution (PVA, Merck; the solution of PVA was ma
y dissolution in warm water) in a proportion of 98.5 wt
f frit and 1.5 wt.% of PVA solution. Rectangular bars w
imensions of 4 mm× 5 mm× 50 mm were prepared by un
xial pressing (80 MPa). The bars were sintered at fou

erent temperatures, 700◦C, 750◦C, 800◦C and 850◦C. The
oaking time at the sintering temperatures was 1 h, wh
low heating rate of 2–3 K/min aimed to prevent deforma
f the samples.

In this study, the following techniques and appar
ere employed. The structural analysis of the produ
lasses was done at the surface of bulk glasses by R
pectroscopy (micro Raman system, Renishaw 1000,
sing the 532 nm line of a solid state laser at 60 mW
xcitation. Raman scatter was collected by means
icroscope (Leica, UK) equipped with lenses 50× and
00×. The particle size distribution of the powders of

rits was determined by light scattering technique (Cou
S 230, UK, Fraunhofer optical model). Glass powd
ere used for differential thermal analysis (DTA, Lab
etaram TG-DTA/DSC, France, heating rate 5 K/min
ir). Annealed bulk glass blocks, as-pressed glass-po
ompacts and sintered rectangular blocks of glass–cer
ere used for dilatometry measurements (Bahr The
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Analyse DIL 801 L, Germany, heating rate 5 K/min; cross
section of samples 4 mm× 5 mm). The crystallized phases
were identified by X-ray diffraction (XRD, Rigaku Geiger-
flex D/Mac, C Series, Cu K� radiation, Japan). Scanning
electron microscopy (SEM, Hitachi S-4100, Japan) equipped
with energy dispersive spectroscopy apparatus (EDS) was
employed for microstructure observations and elemental
analysis at polished (final stage of polishing 1�m diamond
paste) and etched (by immersion in 2 vol.% HF solution for
1–4 min) surfaces. Archimedes’ method (i.e. immersion in
ethylenoglycol) was employed to measure the apparent den-
sity of the annealed glasses and the sintered glass–ceramic
bars. The mechanical properties were evaluated by measur-
ing Vickers microhardness (Shimadzu microhardness tester
type M, Japan, load of 9.8 N; each value is the mean value of
measurements made with five samples, with 10 indentations
for each sample) and three-point bending strength of
rectified parallelepiped bars (3 mm× 4 mm× 50 mm) of
sintered glass–ceramics (Shimadzu Autograph AG 25 TA,
0.5 mm/min displacement; the results are the average of
measurements made on, at least, 12 bars). Water absorption
was measured according to the ISO-standard 10545-3, 1995,
i.e. weight gain of dried bulk samples after immersion into
boiling water for 2 h, cooling for 3 h and sweeping of their
surface with a wet towel. The linear shrinkage during sin-
tering was calculated from the difference of the dimensions
b
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Fig. 1. Microstructure of the annealed bulk glass 1 (a), which comprised
bigger (oval shaped, marked with (i)) and smaller droplets (like tiny spots,
marked with (ii)), and its evolution after 1 h heat treatment at 700◦C (b),
800◦C (c), the outer surface of the sample is at the top of the image and
the inset shows the bulk of the glass at higher magnification), and 900◦C
(d), observed by SEM at secondary electron mode after etching of polished
surfaces with 2% HF solution (there were not striking differences among the
microstructures of the three investigated glasses).
etween the green and the resultant sintered samples.

. Results

.1. Glasses

The three compositions were completely melted
400◦C after 1 h and the melts were easily cast, resu

n transparent and colourless glasses with no visible
alline inclusions, as was also confirmed by X-ray and S
nalyses afterwards.

The microstructure of the three annealed (at 600◦C)
lasses (1, 2, 3) was similar. Evidences of liquid–liquid ph
eparation were clearly observed (Fig. 1a). Droplets of segre
ated liquid phase, seemingly sorted in two groups of bi
oval shaped, marked with (i)) and smaller droplets (like
pots, marked with (ii)), were homogenously distribute
he glass matrix.

The Raman spectra of the investigated glasses (Fig. 2) are
imilar and feature a dominant band at about 958 cm−1, a
houlder at its high frequency side at∼1040 cm−1, bands a
48 cm−1, ∼880 cm−1, a broad band envelope double pe

ng at 340 cm−1 and 440 cm−1 and a number of bands wi
eak intensity at 580 cm−1, 780 cm−1 and 1450 cm−1. The
ssignment of these peaks is presented in Section4.

The dilatation curves (Fig. 3) shows that the transitio
oint (Tg) of the investigated glasses ranged between 58◦C
nd 590◦C and their softening point (Ts) between 625◦C
nd 640◦C. From the slope of the linear part of these p
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Fig. 2. Raman spectra of the investigated glasses.

Fig. 3. Dilatation curves of bulk annealed glasses.

between 100◦C and 500◦C, the thermal expansion coef-
ficients (CTE) of the glasses 1, 2 and 3 were calculated
as 10.3× 10−6 K−1, 10.7× 10−6 K−1 and 9.18× 10−6 K−1,
respectively.

A single strong exothermic peak, attributed to crystalliza-
tion, was registered in the differential thermal analysis (DTA),
which was slightly shifted towards higher temperatures from
the glass 1 to the glass 3 (Fig. 4).

Finally, the density of the annealed (at 600◦C) glasses was
2.87 g/cm3 for all the investigated glasses.

3.2. Crystallization of bulk glasses

The evolution of microstructure of the bulk glasses heat
treated at different temperatures is presented in theFig. 1b–d

F par-
t

(there were not striking differences among the microstruc-
tures of the three investigated glasses). After heat treatment
at 700◦C (Fig. 1b), the effect of phase separation was more
pronounced than in the annealed glass (Fig. 1a), since the
bigger droplets are obviously more dispersed, but there was
still no evidence of crystallization. The microstructure of the
bulk glasses heat treated at 800◦C (Fig. 1c) unequivocally
confirms that the glasses are prone to surface crystallization.
Crystal growth advances towards the core of the bulk glass
and after heat treatment at 900◦C the crystallization pro-
cess has been completed (Fig. 1d).7,9 Although there were
no striking morphological differences of the crystals of dif-
ferent phases, our EDS analyses in conjunction with the aid
of SEM images of the reference7 allow us to assign wollas-
tonite to acicular shaped crystals and pyroxene to dendritic
ones. The advancement of crystal growth from the surface
to the core probably caused the formation of few large and
small voids in the bulk of the glass–ceramics, observed after
the completion of crystallization at 900◦C (Fig. 1d).

3.3. Glass–ceramics from glass-powders compacts

The crystallization temperatures of the glass-powder
compacts (i.e. 700◦C, 750◦C, 800◦C, 850◦C) were cho-
sen considering the temperatures of glass transition (i.e.
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ig. 4. Differential thermal analysis (DTA) of glass-powders (the mean
icle size pf the powders is reported in the text).
85–590 C, Fig. 3), the exothermic peak of crystalliz
ion (i.e. 772–782◦C, Fig. 4), and the results of dilatomet
easurements of as-pressed glass-powder compacts
re not shown), which demonstrated that sintering sta
20–625◦C, which is higher thanTg.

The influence of the temperature of heat treatment o
ppearance of the samples and their crystallinity is pres

n Figs. 5 and 6, respectively. Completely dense sample
ark grey colour but of amorphous nature were obta
t 700◦C, indicating that sintering should precede crys

ization. Devitrification starts at higher temperatures. D
ide, wollastonite and akermanite were identified in the X
pectra after heat treatment at 750◦C (the former two phase
ere the dominant ones). The same assemblage of p
as registered in the XRD spectra of samples heat trea
00◦C. White colour and high degree of densification c
cterized the samples heat treated at 750◦C and 800◦C.

Table 2 shows the influence of firing temperature
hrinkage, density and bending strength. Increase of

ig. 5. Appearance of glass-powder compacts made of composition
eat treatment at different temperatures for 1 h.
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Fig. 6. XRD spectra of glass-powder compacts heat treated at different tem-
peratures for 1 h. A, akermanite, (Ca2MgSi2O7, 35-0592); W,�-wollastonite
(CaSiO3, 42-0550); D, diopside (CaMgSiO6, 78-1390) (the intensities have
not been normalised; full scale of intensity axis 1800 cps).

Table 2
Properties of samples made of glass-powder compacts heat treated at differ-
ent temperatures for 1 h

Property Composition Temperature (◦C)

700 750 800

Shrinkage (%) 1 14.1± 0.3 14.5± 0.1 13.6± 0.2
2 13.9± 0.3 13.5± 0.2 13.4± 0.2
3 13.8± 0.1 13.6± 0.3 13.6± 0.2

Density (g/cm3) 1 2.87± 0.01 2.85± 0.01 2.84± 0.01
2 2.82± 0.01 2.93± 0.01 2.90± 0.01
3 2.81± 0.01 2.88± 0.01 2.86± 0.01

Bending strength
(MPa)

1 90± 9 108± 6 116± 5
2 80± 11 134± 5 141± 11
3 78± 10 138± 11 139± 8

temperature to 850◦C caused gradual decrease of density and
shrinkage and development of visible bubbles underneath the
surface of the samples. Consequently, the optimum values of
properties of the investigated materials were achieved after
heat treatment at 750–800◦C.

Table 3 supplementsTable 2 with the values of mi-
crohardness, water absorption and coefficient of thermal
expansion of glass–ceramics heat treated at 800◦C for 1 h,
while Fig. 7 presents their microstructure. Well-defined big
prismatic crystals and smaller acicular ones were embedded
in glassy matrix. The prismatic crystals were highly packed
and significantly bigger in the glass–ceramics 2 (Fig. 7b)
and 3 (Fig. 7c) than in 1 (Fig. 7a). Elemental EDS analyses
allow us to assign the big crystals to diopside and the

F
p
S
H
w

ig. 7. Typical microstructures of glass-powder compacts made of the com-
ositions 1 (a), 2 (b) and 3 (c) heat treated at 800◦C for 1 h, observed by
EM at secondary electron mode after etching of polished surfaces with 2%
F solution. The crystals assigned to diopside and wollastonite are marked
ith d and w, respectively.
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Table 3
Properties of samples made of glass-powder compacts heat treated at 800◦C for 1 h

Property Composition

1 2 3

Microhardness (GPa) 4.53± 0.35 4.61± 0.30 4.65± 0.40
Water absorption (%) 0.16± 0.02 0.15± 0.02 0.17± 0.02
Coefficient of thermal expansion 100–500◦C (10−6 K−1) 9.4 10.8 10.3

small ones to wollastonite (marked with d and w inFig. 7,
respectively). However, with respect to stoichiometric
diopside and wollastonite, the crystals assigned to diopside
featured a slight excess in Ca, while the crystals assigned
to wollastonite featured a slight deficiency of Si. The above
deviations from stoichiometry might indicate formation
of solid solutions, whose exact composition could not be
accurately determined due to the big size of the EDS spot
(about 1�m) comparing to the small size of the crystals.

4. Discussion

The experimental results of this study demonstrated
the added B2O3, Na2O, P2O5 and CaF2 in the quantities
used act as favourable fluxes for glasses but did not favour
bulk crystallization. The glasses were prone to surface
crystallization, which subsequently resulted in formation
of large crystals (>100�m) and a coarse microstructure
(Fig. 1c and d). Therefore, the production of good quality
glass–ceramic materials was addressed to the processing via
glass-powder compacts, owing to the fact that doping with
B2O3, P2O5 and CaF2 favours densification of compacts
of glass-powders.19,22,23 The microstructure and the crys-
tallinity of the resultant glass–ceramics should be related to
t
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unit (Q0). The P O− symmetric stretching vibrations of the
PO4

3− units are expected at 958 cm−1 and therefore they
should also affect the band intensity in this frequency region
that is attributed to vibrations of Q2 silicate units.

The structural units of the glass network, which were pre-
dominantly Q1 and Q2, should be related to the crystalline
phases of diopside, wollastonite and akermanite, developed in
the glass matrix after heat treatment (Fig. 6). It is well known
that [Si2O7]6− dimers (i.e. Q1 units) constitute sorosilicates,
such as akermanite, while single chains of the general formula
[SiO3]2− (i.e. Q2 units) are the main structural elements of py-
roxene and pyroxenoids.1,34 As it was previously discussed,
phase separation (Figs. 1a and b) has seemingly stimulated
the formation of crystalline phases.1–4

Fig. 8 shows the isothermal section of the sub-solidus
CaO–MgO–SiO2 phase diagram, calculated at 800◦C using
the database of Huang et al.35 If we neglect B2O3, P2O5,
Na2O and CaF2, then the three investigated compositions
correspond to the points marked by the triangles in the
diagram. According to the calculations, the assemblage of
the thermodynamically stable phases is the same for all the
investigated compositions and temperatures (i.e. wollas-
tonite, diopside and akermanite).Table 4presents the weight
proportions of these phases calculated in the equilibrium
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he structural features of the parent glasses.
The Raman spectra suggest that the investigated g

ave similar structures (Fig. 2). The assignment of the pea
as done following guidelines of earlier studies on al
nd alkaline earth silicate,24–29 borate30–32 and phosphat
lasses.33 The most important features of the structure of

nvestigated glasses are summarized as follows. The ba
58 cm−1 and 882 cm−1 can be assigned to SiO− stretching

n silicate units with 2 and 3 non-bridging oxygens (NBO
Q2 and Q1), respectively. The shoulder at 1040 cm−1 is
ssigned to SiO0 vibrations of bridging oxygens in silica
nits contain NBOs (Q2, Q1 and Q3). The concentration o
3 units is probably low because the SiO− stretching vibra

ions of Q3 units, which occur at about 1100 cm−1, appea
o have very weak intensity. The bands between 550 c−1

nd 750 cm−1 are attributed to the SiO Si bending
ibrations in the various silicate units. Especially the ban
650 cm−1 is attributed to SiO Si bending motions in Q2

nits whereas the high frequency asymmetry of this ba
ssigned to analogous vibrations of Q1 units. The weak band
t 780 cm−1 and 1450 cm−1 can be attributed to vibration
f borate units and the bands at 580 cm−1 and 440 cm−1 to
t

ig. 8. Isothermal section of the ternary CaO–MgO–SiO2 diagram at 800◦C.
he investigated compositions 1, 2 and 3 are marked with triangles (s

ext) (Wol, wollastonite; Dio, diopside; Ake, akermanite; Mer, merwin
on, monticellite; Opx, orthopyroxene; For, forsterite;�, Ca2SiO4 with
livine structure).
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Table 4
Calculated proportions of phases formed at thermodynamic equilibrium
regime for the investigated compositions 1, 2 and 3 at 800◦C if we neglect
B2O3, P2O5, Na2O and CaF2 (in wt.%)

Composition Diopside Akermanite Wollastonite

1 40.50 25.84 33.66
2 36.32 23.35 40.33
3 32.94 21.21 45.85

regime at 800◦C. These results agree fairly well with the
results of the X-ray analysis made in the glass-powder
compacts heat treated at 750◦C and 800◦C (Fig. 6).

This agreement suggests that there is no influence of B2O3,
P2O5, Na2O and CaF2 on the products of crystallization of
the investigated parent glasses, at least within in the range
of the amounts used, although crystallization started at rela-
tively lower temperatures that those usually reported in these
systems.2,4 However, earlier studies have demonstrated that
these compounds play an important role in lowering the melt-
ing point of the glasses and in enhancing sinterability.19,22,23

Although viscosity measurements were not carried out in
the present study, the achievement of good properties for
the glass–ceramics sintered at relatively low temperatures
(700–800◦C, Tables 2 and 3) supports such a role of these
compounds.

As far as sintering is concerned, the experimental results
showed that densification of glass-powder compacts starts
at 620–625◦C, it advances at higher temperatures, likely by
viscous flow sintering, and it is almost completed at 700◦C.
Crystallization starts at temperatures >700◦C. Crystallinity
increases at higher temperatures (750◦C, 800◦C), resulting
in fully dense glass–ceramic materials, which are predom-
inantly composed of diopside and wollastonite together
with small amounts of akermanite and residual glassy phase
(Fig. 6).
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Compositions 2 and 3, which contains the lowest amount
of fluxes, exhibits the best mechanical properties (Table 2).
The measured bending strength of the samples heat treated
at 800◦C, which ranged between 116 MPa and 141 MPa,
was higher than the values reported for powder compacts
made of glasses of other compositions (usually lower than
100 MPa).4,17,38,39 Toya et al. have proposed that diop-
side is a preferable crystalline phase since it results in
stronger materials than glass–ceramics based on wollastonite
or anorthite.17,38

The values of microhardness and thermal expansion coef-
ficient of the produced glass–ceramics at 800◦C (Table 3) as
well as their aesthetic characteristics (Fig. 5) indicate that they
may be potential candidates for biomedical applications.1,40

In a forthcoming article, we shall present the properties of
these materials with regard to their potential use in biomedi-
cal applications (i.e. dental and bone substitutes).

With regards to environmental and economical issues,
in this study the melting of glasses (1400◦C, 1 h) and the
production of high quality glass–ceramics (750–800◦C)
occurred at temperatures lower than those used in other
similar cases reported in literature. For instance, wol-
lastonite glass–ceramics are produced in large scale for
commercial use as cladding materials for the building
industry in Japan. The processing involves first melting
of the base glass in a tank furnace at 1500◦C and then
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Karamanov et al. have proposed that the crystalliza
f diopside may cause formation of additional poro
ince there is a significant difference between the
ity of diopisde in glassy (2.75 g/cm3) and crystal stat
3.27 g/cm3).36 Note that the difference of density is neg
ible in the case of wollastonite (2.87 g/cm3 and 2.92 g/cm3

or the glass and the crystals, respectively).37 The effec
f this phenomenon was obvious in the crystallization

he bulk glasses (i.e. formation of big pores in the c
f the bulk samples,Fig. 1d). The experimental resu
how that processing of glass–ceramics using glass-po
ompacts considerably suppressed the effect of this
erious phenomenon and uniform crystallization seemi
ccurred over the entire bulk of the glass-powder comp
ertainly, small amount of micropores should remain in

ntergranular spaces of the crystals in the glass–cera
ue to the aforementioned difference of density du
rystallization, which should be reflected in the sli
ecrease of density of the samples heat treated at 8◦C
omparing to the properties at 750◦C (Table 2), which was
ore pronounced at higher temperatures (i.e. >800◦C).
rystallization of coarse (1–7 mm long) glass-grains
-wollastonite at 1100◦C for 2 h.1 In a recent work o
yroxene-based glass–ceramic glazes, based on the q
ary CaO–MgO–Al2O3–SiO2 system and containing sm
mounts of B2O3, Na2O and K2O, the parent glasses we
elted at 1600◦C and crystallized to pyroxene phases

emperatures≥900◦C.19 In the CaO–MgO–SiO2 system
lass–ceramics of diopside–wollastonite have been pre
y melting of the parents glasses at 1500◦C for 3 h.41

Beyond the effect of viscosity, the choice of the co
osition of the basic glass in the CaO–MgO–SiO2 system
nd the overall effect of B2O3, P2O5, Na2O and CaF2, as

hey were used in the present study, probably result
ulti-component system whose excess of free energ

ated to chemical gradient favours diffusion and enha
intering.42,43

The results of this study can be explored for the impr
ent of the technology and the properties of glass–cera
nd glass–ceramic glazes and to decrease their prod
ost. Moreover, the investigated compositions can be
s models for vitrification and ceramization of industrial
unicipal wastes, provided that further durability and lea

ng tests of the produced glasses and glass–ceramics a
ied out.7,44,45

. Conclusions

The production of glass–ceramics based on
aO–MgO–SiO2 system using additives B2O3, P2O5, Na2O
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and CaF2 confirmed the importance of correct selection of
parent glass composition to achieve low production cost of
materials with high quality. The basic compositions of the
parent glasses were selected to be as 51–52% SiO2, 37–39%
CaO and 9–12% MgO, which are located in the field of
primary crystallization of pseudowollasotine phase in the
ternary CaO–MgO–SiO2 system and close to the composi-
tion of the liquid in the invariant equilibrium of the transition
and eutectic type, described by Eqs.(1) and(2), respectively.

The obtained results are summarized as follows:

1. Transparent and colourless glasses were prepared via
melting of the batches at 1400◦C for 1 h followed by
annealing at 600◦C. The main constituents of the glass-
network are the units Q1 and Q2. The glasses feature clear
evidence of liquid–liquid phase separation.

2. The microstructure of the bulk glasses heat treated at
800◦C indicated that the investigated glasses are prone
to surface crystallization. Crystal growth advanced from
the surface towards the core of the bulk glass. Crystalliza-
tion was completed at 900◦C.

3. Completely dense samples of dark grey colour but of
amorphous nature were obtained after heat treatment of
glass-powder compacts at 700◦C, indicating that sintering
precedes crystallization. Devitrification started at higher
temperatures (>700◦C). White and highly dense mate-
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rials were obtained after heat treatment at 750◦C and
800◦C. X-ray analysis confirmed formation of diopsi
wollastonite, as principal phases, and akermanite. T
modynamic calculations in the ternary CaO–MgO–S2
system at 800◦C anticipate the formation of exactly t
same assemblage of phases.

. The glass–ceramics heat treated at 800◦C exhibited
bending strength of 116–141 MPa, Vickers microh
ness of 4.53–4.65 GPa and thermal expansion coeffi
(100–500◦C) of 9.4–10.8× 10−6 K−1.

. The results of this study can be explored for the
provement of the technology and the properties
glass–ceramics and glass–ceramic glazes. The decre
production cost due to the reduction of processing tem
ature with no compromise of the quality of the produ
materials is also an interesting feature.
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