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bstract

he suitability of three new glass compositions for producing diopside–Ca-Tschermak clinopyroxene based glass–ceramics (GCs) was inves-
igated. With respect to the formula of diopside, the first investigated composition resulted from the substitution 0.2(Si4+ + Mg2+) ↔ 0.4
l3+, which leads to a composition of 80 mol.% diopside and 20 mol.% Ca-Tschermak. The substitutions in the second compo-

itions were 0.25(Ca2+ + Si4+) ↔ 0.25(Y3+ + B3+) and 0.2(Si4+ + Mg2+) ↔ 0.4Al3+, and in the third composition 0.2Ba2+ ↔ 0.2Ca2+ and
.2(Si4+ + Mg2+) ↔ 0.2(B3+ + Al3+). The influence of these substitutions on glass crystallization and the properties of the GCs produced between

◦ ◦
50 and 1000 C was experimentally investigated. The experimental results showed that the easily cast glasses, after melting at 1580 C for 1 h, are
rone to surface crystallization. Augite is predominantly crystallized, but Ca- and Ba-aluminosilicates can also form, according to the substitutions.
he stability of the assemblage of the crystalline phases over a wide temperature range (850–1000 ◦C) and prolonged heat treatment (up to 50 h)
nd the properties of the produced GCs indicate a high potential of these compositions for several functional applications.

2006 Elsevier Ltd. All rights reserved.
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. Introduction

Pyroxenes are major constituents of the earth’s crust and
f the upper mantle to depths of 400 km.1 They occur in a
ide variety of geological settings, both igneous and metamor-
hic. Pyroxenes have the general formula of M1M2(Si,Al)2O6,
here M1 is usually Ca2+, Na+, Fe2+ and Mg2+, and more

arely Zn2+, Mn2+ and Li+, and M2 refers to smaller ions,
uch as Cr3+, Al3+, Fe3+, Mg2+, Mn2+, Sc3+, Ti4+, V5+ and
ven Fe2+. The chain silicate structure of pyroxenes enables
ncorporation of various cations in their structure result-

ng in minerals found in abundance in the nature, such as
iopside (CaMgSi2O6), hedenbergite (CaFeSi2O6), aegirine
NaFeSi2O6), jadeite (NaAlSi2O6), spodumene (LiAlSi2O6),

∗ Corresponding author. Tel.: +351 234 370242; fax: +351 234 425300.
E-mail address: jmf@cv.ua.pt (J.M.F. Ferreira).
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ugite (Ca,Na)(Mg,Fe,Al,Ti)(Si,Al)2O6, etc. Several papers
ave described the structural features of this family of
ompounds,2–5 whose detailed description is, however, beyond
he scope of the present paper.

The Ca-aluminium bearing monoclinic clinopyroxene,
nown as Ca-Tschermak (CaAl2SiO6), is representative of the
yroxene group where both Si and Al are in tetrahedral sites.
iopside forms solid solution with Ca-Tschermak with a general

ormula of Ca[Mg1−xAlx](Si1−x/2Alx/2)2O6, where the square
rackets and the parentheses denote the octahedral and the
etrahedral sublattices, respectively.1 Cation substitution is gov-
rned by Tschermak’s substitution, concisely represented by the
cheme (Si4+) + [Mg2+] ↔ (Al3+) + [Al3+].

The amount of CaAl2SiO6 in a pyroxene glass–ceramic struc-

ure depends on the composition of the parent glass and the crys-
allization parameters. Kushiro6 and Schairer and Yoder7 have
emonstrated that the maximum concentration of CaAl2SiO6,
hich can be accommodated in diopside, is 20%. Salama et

mailto:jmf@cv.ua.pt
dx.doi.org/10.1016/j.jeurceramsoc.2006.07.016
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l.8 have investigated the crystallization of glasses based on the
ernary system of diopside–Ca-Tschermak–fluorapatite. They
emonstrated that the limit of isomorphic substitution of Ca-
schermak’s component in diopside structure is 25%. Above

hat limit, gehlenite (Ca2Al2SiO7) forms. The coefficient of ther-
al expansion (CTE) and the microhardness of the produced

lass–ceramics (GCs) increased with increasing the ratio of Ca-
schermak/diopside.

It is known that the properties of GCs based on clinopyrox-
nes and particularly the diopside–Ca-Tschermak solid solu-
ions can be highly controlled due to their particular structural
eatures.8–12 The wide stability range of clinopyroxenes, the
road spectrum of their chemistry, the possibility of achiev-
ng desired physical properties and the high chemical durability
ave been considered for producing GCs for a large variety of
pplications.10–15 Accordingly, it is believed that novel alter-
atives of synthetic clinopyroxenes produced via GC-route can
ield interesting materials for several functional applications.

In this study, three novel glass compositions based on
iopside were investigated, denoted for simplicity purposes
s DT-1, DT-2 and DT-3. Table 1 presents their chemical
omposition. The composition DT-1 comprised 80 mol.%
iopside and 20 mol.% Ca-Tschermak. With regard to the
esign of this composition, it actually derives from diopside
f we substitute 0.2(Si4+ + Mg2+) with 0.4Al3+. More complex
ubstitutions were attempted in the composition DT-2, where
.25(Ca2+ + Si4+) was substituted by 0.25(Y3+ + B3+) and
.2(Si4+ + Mg2+) by 0.4Al3+. In the composition DT-3, 0.2Ba2+

ubstituted 0.2Ca2+ and 0.2(Si4+ + Mg2+) was substituted by
.2(B3+ + Al3+). The incorporation of B2O3 in the compositions
T-2 and DT-3 had a dual aim: to satisfy the overall charge
alance in the system, and under the perspective of technology,
o decrease the viscosity of glass melts and to facilitate diffu-
ion. The experimental results aim to present the influence of
he above substitutions on the crystallization and the properties
f the resultant GCs. To enhance the potential applications

f the produced GCs, and particularly towards the possibility
f using the produced materials as SOFC-sealants or for the
mmobilization of radionuclides,16–18 we incorporated in the
atches a small amount of NiO (1 wt.%), considering that NiO

m
m
4
h

able 1
ompositions of the parent glasses

lass MgO CaO BaO

T-1, CaMg0.8Al0.4Si1.8O6

wt.% 14.87 25.86 –
mol.% 21.05 26.32 –
mol ratio 4 5 –

T-2, Ca0.75Y0.25Mg0.8Al0.4Si1.55B0.25O6

wt.% 14.35 18.70 –
mol.% 22.53 21.13 –
mol ratio 6.4 6 –

T-3, Ca0.8Ba0.2Mg0.8Al0.2B0.2Si1.8O6

wt.% 13.83 19.24 13.15
mol.% 21.05 21.05 5.26
mol ratio 8 8 2

ote: 1.00 wt.% NiO was added to the batches.
ramic Society 27 (2007) 2325–2331

ill favour the adhesion of the resultant GCs to metals. For
implicity purposes, the designations DT-1, DT-2, and DT-3
orrespond to both the glasses and the respective GCs.

. Materials and experimental procedure

Powders of technical grade SiO2 (purity >99.5%) and CaCO3
>99.5%), and of reactive grade H3BO3, Al2O3, MgO, Y2O3,
aCO3, and NiO were used. Homogeneous mixtures of batches

∼100 g), obtained by ball milling, were preheated at 900 ◦C for
h for decarbonization and then melted in alumina crucibles at
580 ◦C for 1 h, in air.

Glasses in bulk form were produced by casting the molten
lass on preheated (500 ◦C) bronze moulds and subsequent
mmediate annealing at 550 ◦C (i.e. close to the transformation
emperature Tg) for 1 h. Glasses in frit form were also obtained
y quenching of the melts in cold water. The frit was dried and
hen milled in a high-speed porcelain mill. For the thermal anal-
sis, different fractions of particles retained on different sieves
1000 + 500 �m, −500 + 315 �m, and −315 + 90 �m were col-

ected. For the production of the samples, only the finest powders
ere used. Those fine powders were granulated (by stirring in
mortar) in a 5 vol.% polyvinyl alcohol solution (PVA, Merck;

he solution of PVA was made by dissolution in warm water)
n a proportion of 97.5 wt.% of frit and 2.5 wt.% of PVA. Rect-
ngular bars with dimensions of 4 mm × 5 mm × 50 mm were
repared by uniaxial pressing (80 MPa). The bars were sintered
t four different temperatures (i.e. 850, 900, 950, and 1000 ◦C)
n air in an electrical laboratory furnace. The soaking time at the
intering temperature was 1 h. A slow heating and cooling rate
f 2 K/min was used to prevent deformation of the samples.

In this study, the following techniques and apparatuses were
mployed. The light scattering technique was employed to deter-
ine the particle size distribution of the fine powders (Coulter
S 230, UK, Fraunhofer optical model). Differential thermal
nalysis (DTA) was carried out in air (Netzsch 402 EP, Ger-

any) with a heating rate of 5 K/min. Dilatometry measure-
ents were done with prismatic samples with cross-section of
mm × 5 mm (Bahr Thermo Analyse DIL 801 L, Germany,
eating rate of 5 K/min). The crystalline phases were identi-

SiO2 B2O3 Al2O3 Y2O3

49.87 – 9.40 –
47.37 – 5.26 –
9 – 1 –

41.44 3.87 9.07 12.55
43.66 3.52 5.63 3.52
12.4 1 1.60 1

46.40 2.98 4.37 –
47.37 2.63 2.63 –
18 1 1 –
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tigated by using coarse fractions of powder glass frits retained
in the following pair sieves: −1000 + 500 �m, −500 + 315 �m,
and −315 + 90 �m (Fig. 4). The plots in Fig. 4 in conjunction
with the plots in Fig. 3 indicate that the coarser particles resulted
A. Goel et al. / Journal of the Europe

ed by X-ray diffraction analysis (XRD, Rigaku Geigerflex
/Mac, C Series, Cu K� radiation, Japan). Copper K� radia-

ion (λ = 1.5406 nm) produced at 30 kV and 25 mA scanned the
ange of diffraction angles (2θ) between 10◦ and 60◦ with a
θ-step of 0.02◦ s−1. The phases were identified by comparing
he experimental diffractograms to patterns of standards com-
lied by the International Centre for Diffraction Data (ICDD).
icrostructure observations were done at polished (mirror fin-

shing) and then etched (by immersion in 2 vol.% HF solution
or 20 s) surfaces of samples by field emission scanning electron
icroscopy (FE–SEM Hitachi S-4100, Japan; 25 kV acceler-

tion voltage, beam current 10 �A) under secondary electron
ode. Energy dispersive spectroscopy (EDS) was employed

or chemical analysis. Archimedes method (i.e. immersion in
iethyl phthalate) was employed to measure the apparent den-
ity of the samples. The mechanical properties were evaluated
y measurements of three-point bending strength of rectified
arallelepiped bars (3 mm × 4 mm × 50 mm) of sintered GCs
Shimadzu Autograph AG 25 TA; 0.5 mm/min displacement).
he linear shrinkage during sintering was calculated from the
ifference of the dimensions between the green and the sintered
ars. The mean values and the standard deviations presented
or density, bending strength and linear shrinkage have been
btained from (at least) 10 different samples.

. Results and discussion

.1. Characterization of glasses—thermal analysis

All the three investigated compositions were suitable for easy
ast after 1 h of melting at 1580 ◦C, resulting in homogenous
ransparent, bubble-free glasses with a dark colour of honey
likely due to the presence of NiO) and with no crystalline inclu-
ions, as confirmed by X-ray and SEM analyses afterwards.

The curves of thermal expansion of the three cast-annealed
ulk glasses are plotted in Fig. 1. The glass transition points

Tg) of the glasses DT-1, DT-2 and DT-3, determined from these
urves, are 640, 630 and 600 ◦C, and their softening points (Ts)
re 680, 660 and 650 ◦C, respectively. From the slope of the
inear part of these curves (i.e. between 200 and 500 ◦C), the

Fig. 1. Dilatometry curves of the as-cast and annealed bulk glasses.
F
i

ig. 2. Particle size distributions of milled glass fine powders used to prepare
he glass-powder compacts.

TE values of the three glasses were calculated as 7.22 × 10−6,
.20 × 10−6, and 7.51 × 10−6 ◦C−1, respectively.

The particle size distributions of the fine powders used to
roduce the samples of the glass-powder compacts are plotted
n Fig. 2. The measured mean particle sizes were 4.73 �m for
T-1, 4.85 �m for DT-2, and 2.43 �m for DT-3. Fig. 3 presents

he results of the differential thermal analysis of these fine pow-
ers. The strong exothermic reaction peaked at 920–925 ◦C is
ttributed to crystallization (Tp). Evidently, the intensity of the
rystallization peaks diminishes from the glass DT-1 to the glass
T-3. In the plots of the DT-1 and DT-2 glasses, weak exother-
ic peaks at 860–875 ◦C precede the main crystallization peaks.
The influence of particle size on the DTA-curves was inves-
ig. 3. Differential thermal analysis (DTA) of fine powders (see Fig. 2) of the
nvestigated glasses.
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ig. 4. Influence of particle size on the DTA of the investigated glasses (thick
ine: −315 + 90 �m; medium line: −500 + 315 �m; thin line: −1000 + 500 �m).

n a systematic and considerable shift of the principal crystalliza-
ion peak to higher temperatures, while the intensity of the peaks
enerally tends to decrease. Thus, the preceding smaller crys-
allization peaks in Fig. 3 have been almost totally eliminated
n the DTA-plots of the coarser particles (Fig. 4). The strong
ependence of these thermographs on particle size suggests sur-
ace crystallization as the dominant crystallization mechanism
f the investigated compositions.9,19–21

The results of dilatometry (i.e. the temperatures of Tg and Ts,
ig. 1) and DTA (i.e. the temperatures of Tp, Fig. 3) indicate

hat there is a relatively wide temperature gap between glass-
ransition point and crystallization temperature. These features
uggest that densification should precede crystallization, justi-
ying our decision to attempt the production of GCs via sintering
nd crystallization of glass-powder compacts from the fine glass
owders (Fig. 2). This was proved afterwards by the sintering
xperiments presented in the following section. Accordingly,
he temperatures of heat treatment of glass powder compacts to
est the production and the properties of GCs were chosen to be
etween 850 and 1000 ◦C.22

.2. Properties of sintered glass-powder compacts

The influence of temperature on the density, the shrinkage
nd the bending strength of glass-powder compacts is pre-
ented in the plots in Fig. 5. It is generally known that sintering
tarts at temperatures slightly higher than Tg and occurs due
o viscous flow, which instigates coalescence of powder and
emoves the pores from the bulk of materials. The use of spe-

ial additives, such as B2O3, and fine glass powders generally
nhances sinterability.15,19,22–24 The B2O3-containing composi-
ions of DT-2 and DT-3 exhibited their highest values of density,
hrinkage and bending strength in the temperature interval of

m

a
u

ig. 5. Influence of the temperature on (a) density, (b) linear shrinkage, and (c)
ending strength.

50–900 ◦C, evidencing highly sintered samples. The highest
alues of composition DT-1 were achieved in the interval of
00–950 ◦C, specifically density of 2.95–2.96 g/cm3, shrink-
ge of 15.88–15.98%, and bending strength of 165–189 MPa.
urther increase in temperature to 950 or 1000 ◦C did not con-
iderably deteriorate the properties of the investigated compo-
itions, since density and mechanical strength were generally
aintained at the same level.

With regards to the thermal expansion of the produced GCs

nd particularly those sintered at 950 ◦C for 1 h, the CTE val-
es determined by dilatometry measurements between 200 and
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00 ◦C were 9.57 × 10−6 ◦C−1 for DT-1, 8.01 × 10−6 ◦C−1 for
T-2, and 9.62 × 10−6 ◦C−1 for DT-3.

.3. Phase evolution under isothermal and non-isothermal
eat treatment

The microstructure of the glass-powder compact samples sin-
ered at 850 ◦C was discerned by SEM but the glassy phase
ominated. The crystals were well developed at 900 ◦C (Fig. 6a)
nd even better at 950 ◦C (Fig. 6b–d). The images in Fig. 6
ndicate, however, noticeable differences among the three inves-
igated GCs. The results of X-ray diffraction analysis, presented
n the diffractograms in Figs. 7 and 8 shed light in these differ-
nces and the evolution of phases.

The bars of DT-1 composition sintered at 850 ◦C for 1 h
ere completely amorphous. After heat treatment at 900 ◦C

or 1 h, intensive and sharp peaks of augite were registered in
he X-ray diffractograms, evidencing formation of diopside–Ca-
schermak solid solution. Augite was also exclusively registered

n the diffractograms of DT-1 samples heat treated at higher tem-
eratures (950 and 1000 ◦C) or for longer times (up to 50 h) at
00 ◦C (Fig. 7a), where, the intensity of the XRD peaks was pro-
ressively increased. These results suggest that the composition
T-1 results in stable monomineral GCs of pyroxene augite.
he results of X-ray agree fairly well with the SEM observa-

ions, since a well crystallized and almost monomineral GC is
lso suggested by the images in Fig. 6a and b.
The formation of single phase of augite
Ca(Mg0.70Al0.30)(Si1.70Al0.30)O6] indicates that Al3+ occu-
ied both octahedral (AlO6) and tetrahedral (AlO4) positions in
he structure of that aluminous pyroxene. The small deviation

o
a
s
p

ig. 6. Microstructure of glass–ceramics heat treated at different temperatures for 1 h
50 ◦C; (d) DT-3, 950 ◦C.
ramic Society 27 (2007) 2325–2331 2329

rom the theoretically designed diopside–Ca-Tschermak solid
olution of CaMg0.8Al0.4Si1.8O6 (Table 1) can be due to uptake
f Al2O3 from the alumina crucibles, which, according to EDS
nalysis, was determined as 1.5–2.0 wt.% Al2O3. The ability
f aluminium to exist in the form of an intermediate oxide
t both octahedral (AlO6) and tetrahedral (AlO4) positions in
lass structures is known.9–11,25 The formation of AlO4 groups
enerally results in increase of glass viscosity and decrease of
rystal growth rate.8 Hence, higher Tg and Ts values along with
ore sluggish crystallization is expected for DT-1 glass than

he DT-2 and DT-3 glasses.
Evidences of devitrification were observed after heat treat-

ent at 850 ◦C for 1 h for both DT-2 and DT-3 samples. This
esult can explain the lower density and mechanical strength
f the DT-1 bars sintered at 850 ◦C than the DT-2 and DT-3
nes (Fig. 5). Except for slight changes of peak intensities of
he diffractograms, composition DT-2 exhibited remarkable sta-
ility of phase assemblage at different temperatures as well as
nder prolonged heat treatment at 900 ◦C for up to 50 h. Augite,
northite, and yttrium oxide silicate were identified in the GCs of
T-2. Schairer and Yoder7 have demonstrated that if the amount
f CaAl2SiO6 (Ca-Tschermak) exceeds the solubility limit in the
aMgSi2O6–CaAl2SiO6 system, then Ca-aluminosilicate anor-

hite (CaAl2Si2O8) might be formed.
The assemblage of phases in the GCs of DT-3 comprises

ugite, hexacelsian and celsian. The presence of the later two
hases (which had strong peaks in the diffractograms) is due
o the fact that crystallization of barium aluminosilicate glasses

ccurs faster than in the corresponding calcium or magnesium
luminosilicate glasses.16,25,26 However, the ratio of the inten-
ity of the peaks of augite over the peaks of Ba-aluminosilicates
hases increases over prolonged heat treatment, suggesting for-

after etching with 2 vol.% HF: (a) DT-1, 900 ◦C; (b) DT-1, 950 ◦C; (c) DT-2,
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Fig. 7. X-ray diffracrograms of glass-powder compacts after heat treatment at
different temperatures for 1 h. (a) DT-1, (b) DT-2, and (c) DT-3. (Au: augite
ICDD card 01-078-1392; An: anorthite 00-041-1486; YS: yttrium oxide silicate
(
c
s

m
m
a
a
g
F

Fig. 8. X-ray diffractograms of glass-powder compacts after heat treatment at
900 ◦C for 1, 10, 20 and 50 h. (a) DT-1, (b) DT-2, and (c) DT-3. (Phase identifi-
c

4

i

Y4.67(SiO4)3O) 00-030-1457; HS: hexacelsian (BaAl2Si2O8) 01-077-185; C:
elsian (BaAl2Si2O8) 00-038-1450. The spectra have not been normalized. Full
cale 9000 cps.)

ation of augite at the expenses of these phases. Thus, the
icrostructure in Fig. 6d should be rather assigned to Ba-
luminosilicate associated phases than to augite. Accordingly,
mixed microstructure of augite and anorthite can be sug-

ested for the microstructure of the GCs of DT-2 presented in
ig. 6c.

d
W
0
0

ation and scale are similar to those reported in the legend of Fig. 7.)

. Conclusions

Three new glass compositions (DT-1, DT-2, DT-3) were
nvestigated with regards to their suitability of producing
iopside–Ca-Tschermak clinopyroxene based glass–ceramics.

ith respect to diopside, the substitutions attempted were

.2(Si4+ + Mg2+) ↔ 0.4Al3+ for DT-1, 0.25(Ca2+ + Si4+) ↔

.25(Y3+ + B3+) and 0.2(Si4+ + Mg2+) ↔ 0.4Al3+ for DT-2, and
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.2Ba2+ ↔ 0.2Ca2+ and 0.2(Si4+ + Mg2+) ↔ 0.2(B3+ + Al3+) for
T-3.
Glasses were suitable for easy cast after melting at 1580 ◦C

or 1 h. Sintering and crystallization of glass-powder compacts
s an appropriate processing route for producing glass–ceramics
f these compositions because the experimental results showed
hat sintering precedes crystallization which occurs via surface
rystallization mechanism.

With regards to the comparison of the three compositions, and
articularly their potential application as SOFC-sealant materi-
ls (which was the main motivation for developing these new
ompositions), it is suggested that the monomineral compo-
ition, the phase stability over increasing of temperature and
rolonged isothermal heat treatment, and the good matching of
he CTE with the CTE of cubic zirconia (8YSZ) indicate a supe-
iority of DT-1 than DT-2 and DT-3.
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