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Abstract

Anorthite based glass-ceramics were synthesized. The investigated glass compositions are located close to the anorthite-rich corner of the
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uorapatite–anorthite–diopside ternary system. Glass powder compacts with mean particle size of 2 and 10 �m were prepared. Sintering
ehaviour, crystallization and the properties of glass-ceramics were investigated between 800 and 950 ◦C. In the case of specimens made from
he finer particles, complete densification was achieved at a remarkably low temperature (825 ◦C) and the highest mechanical strength was
btained at 850 ◦C, but density significantly decreased at higher temperatures. The samples prepared from the larger particles exhibited higher
alues of density, shrinkage and bending strength within a wider temperature range (825–900 ◦C). Anorthite was predominantly crystallized
etween 850 and 950 ◦C, along with traces of fluorapatite. Diopside was detected only in the MgO richer compositions.
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. Introduction

Low temperature co-fired ceramic (LTCC) packages have
een extensively investigated to achieve high signal prop-
gation speed, reliability and low cost.1–3 Anorthite is a
otential material for LTCC substrates due to its lower coeffi-
ient of thermal expansion and lower dielectric constant than
lumina.4 In these applications, sintering of ceramics should
ccur at about 950 ◦C, which is lower than the melting points
f cupper, silver or gold, since the use of metals results in
ess heat generation during operation due to their high ther-

al conductivity.5

To fabricate anorthite glass-ceramics suitable for LTCC
ubstrates and with high mechanical properties, com-
lete densification should precede a sufficiently good
rystallization.6 Nevertheless, there is poor literature doc-
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umentation on the mechanical properties of anorthite glass-
ceramics.

Several studies have addressed their interest on sintering
and crystallization of glass-powder compacts which corre-
spond to stoichiometric anorthite.6–10 Thus, it has been found
that B2O3 enhances sinterability, while TiO2 increases the
dielectric constant of anorthite ceramics.

Leonelli et al.11 have investigated the nucleation and
the crystallization mechanisms of three glass compositions
which belong to the anorthite–diopside system. The theo-
retical wt.% ratio of anorthite/diopside (An/D) was 75/25,
50/50 and 25/75. Complete densification was attained with
no addition of nucleating agents. In the ceramized state
of the composition with 75/25 ratio, anorthite was pre-
dominantly and easily formed even upon quenching from
the melt, impeding the formation of pure glassy sam-
ples. Therefore, the tendency for crystallization actually
makes difficult the control of sintering and crystallization
processes.
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Fig. 1. The investigated compositions A, B and C in the fragment of
fluorapatite–diopsite–anorthite ternary diagram (in wt.%)12 (without con-
sidering the doping with B2O3).

Table 1
Chemical batch compositions A, B and C (wt.%)

Composition SiO2 Al2O3 CaO MgO P2O5 CaF2 B2O3

A (An90-D10) 40.28 29.91 21.09 1.69 1.92 0.35 4.76
B (An80-D20) 41.78 26.85 21.82 3.40 1.94 0.36 3.85
C (An70-D30) 43.34 23.70 22.56 5.17 1.96 0.36 2.91

Earlier thorough studies12,13 on the phase equilibria in the
fluorapatite–anorthite–diopside (Ca5(PO4)3F–CaAl2Si2O8–
CaMgSi2O6) ternary system demonstrated that fluoarapatite
beneficially aids the widening of glass-forming region at the
anorthite–diopside boundary. On the base of these studies,
this work presents the synthesis and characterization of anor-
thite based glass-ceramics using glass compositions located
close to the anorthite-rich corner of the ternary system of
Fig. 1 (points A, B and C). To enhance both melts’ fluidity
and sinterability of glass-powder compacts, the compositions
were doped with B2O3. Form the liquidus lines plotted in
Fig. 1, the liquidus temperatures of the compositions A, B
and C (without considering the addition of B2O3) would be
1480, 1420 and 1360 ◦C, respectively. These compositions
correspond to the anorthite/diopside weight ratios given in
parentheses: A (An90-D10), B (An80-D20) and C (An70-
D30), which will be hereafter used as the compositions’ codes
(Table 1). To evaluate the potential of the synthesized mate-
rials for LTCC applications, the influence of the particle size
of the powders (∼2 and ∼10 �m) and of the temperature of
heat treatment on several properties was investigated.

2. Materials and experimental procedure

>

Fig. 2. Particle size distributions of the initial glass powders with mean
particle sizes of ∼2 �m (a) and ∼10 �m (b).

grade Al2O3, CaF2 and NH4H2PO4 were used. According
to the batch compositions shown in Table 1, homogeneous
mixtures of batches (∼100 g), obtained by ball milling, were
preheated at 1000 ◦C for 1 h for decarbonization. Melting in
Pt crucibles was carried out in air at 1580 ◦C for composition
A, at 1550 ◦C for composition B and at 1500 ◦C for compo-
sition C (1.5 h dwelling time at maximum temperatures).

Glass frits were obtained by quenching of melts into cold
water. The frits were dried and then milled in a high-speed
porcelain mill in absolute ethanol media. Glass powders
with the mean particle size of ∼2 �m (Fig. 2a) and ∼10 �m
(Fig. 2b) were obtained after 3.5 h and 30 min milling, respec-
tively. Rectangular bars (4 mm × 5 mm × 50 mm) were pre-
pared by uniaxial pressing (80 MPa). The bars were subjected
in heat treatment at 800, 825, 850, 900 and 950 ◦C (heating
rate of 5 K/min; soaking for 1 h at the sintering temperatures).

The following techniques were used. The particle size
distribution of the powders was determined by light scat-
tering technique (Coulter LS 230, UK, Fraunhofer optical
model). Differential thermal analysis (DTA) was carried
out in air (Labsys Setaram TG-DTA/DSC, France; heat-
ing rate 5 K/min). The thermal expansion of sintered and
crystallized samples was measured by dilatometric analy-
sis (Bahr Thermo Analyse DIL 801 L, Germany; heating
rate of 5 K/min; cross section of samples 4 mm × 5 mm).
The crystallized phases were identified by X-ray diffraction
(

Powders of technical grade of silicon oxide (purity
99.5%) and of calcium carbonate (>99.5%), and reactive
 XRD, Rigaku Geigerflex D/Mac, C Series, Cu Ka radiation,
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Japan). Microstructure observations and elemental analysis
(SEM/EDS, Hitachi S-4100, Japan, 25 kV acceleration volt-
age) were carried out at polished and then chemically etched
glass-ceramic surfaces by immersion in 2 vol.% HF solution
for 4 min for the composition A and 8 min for the compo-
sitions B and C. The apparent density was measured by the
Archimedes method (i.e. immersion in ethylenoglycol). Flex-
ural strength (three-point bending) was measured with paral-
lelepiped bars (Shimadzu Autograph AG 25 TA, 0.5 mm/min
displacement; the presenting results are the average of 12 bars
with a volume of 3 mm × 4 mm × 40 mm). Water absorption
was measured according to the ISO-standard 10545-3, 1995.
The linear shrinkage during sintering was also calculated
from the dimensions of the green and of the sintered sam-
ples.

3. Results and discussion

All the investigated compositions were successfully
melted and easily cast. The quenched glass frits were bubble-
free, transparent and colourless with no visible crystalline
inclusions, as was also confirmed by X-ray analyses which
exhibited broad amorphous bands in the spectra.

The results of DTA, plotted in Fig. 3 and summarized
in Table 2, indicate that the investigated glasses followed
t
g
t

F

crystallisation peaks, was observed from compositions A, B
and C. A single exothermic crystallisation peak (TC1) was
registered in compositions A and B. This peak is seem-
ingly split (TC1and TC2) in composition C. The increase
of the mean particle size caused a shift of the crystalliza-
tion peak maxima to higher temperatures and the height of
the peaks was reduced. The aforementioned dependence of
the thermographs on the particle size indicates that surface
crystallization is the dominant mechanism in the investigated
compositions.10,11,14,15

The shift of Tg to higher temperatures due to increasing
amount of anorthite can be possibly interpreted in the light
of the work of Barbieri et al.,16 who attributed the shift of
Tg and TC to higher temperatures over increasing alumina-
content to the role of Al3+ as a network former. The Al3+

cations form tetrahedral sites in the glass structure, which
then cause polymerization of glass network and increase the
viscosity of the glass.

The influence of the temperature of heat treatment on den-
sity, water absorption and shrinkage is plotted in Figs. 4 and 5.
Sintering of glass-ceramics generally starts at temperatures
slightly higher than Tg and takes place due to viscous flow,
which instigates coalescence of powder and removes the
pores from the bulk of materials.6,17 The use of special addi-
tives, such as B2O3, and fine glass powders can enhance

Fig. 4. Influence of the temperature of heat treatment on density (thick lines)
and water absorption (thin lines) of samples made of powders with mean
particle sizes of (a) 2 �m and (b) 10 �m. The standard deviation of the
he typical events of vitreous materials that transform into
lass-ceramics. A slight decrease of transition tempera-
ure (Tg), denoted by the endothermic depressions before
ig. 3. Differential thermal analysis (DTA) of the investigated glasses. p
resenting points was less than 5%.
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Table 2
Characteristic temperatures obtained from DTA (Fig. 3)

A (An90-D10) B (An80-D20) C (An70-D30)

2 �m 10 �m 2 �m 10 �m 2 �m 10 �m

Tg (◦C) 755 770 745 761 738 753
TC1 (◦C) 890 907 877 899 871 911
TC2 (◦C) Not registered Not registered 892 930

sinterability.10,18 The highest values of density and shrink-
age along with zero water absorption were obtained at 825
and 850 ◦C for the samples made from powders with mean
particle sizes of 2 and 10 �m, respectively.

Sintering was completed at 850 ◦C for the samples made
of finer powders (2 �m). Density significantly decreases at
higher temperatures (Fig. 4a). The samples made of the
coarser particles (10 �m) exhibited quite stable values of den-
sity and shrinkage within a wide temperature range from 825
to 900 ◦C (Figs. 4b and 5b). According to the DTA-plots
(Fig. 3), the crystallization of the powders with size of 2 �m
always peaked at lower temperatures than the 10 �m ones
(i.e. crystallization occurs earlier in 2 �m than in 10 �m).
Meanwhile, there is often a difference between the densi-
ties of the crystalline and the glassy phases. We have tackled
this phenomenon in an earlier study on akermanite-diopside
glass-ceramics,19 where the crystallization of the glass can
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result in denser ceramic phases and thus secondary porosity
can be developed in the bulk of the samples. In the present
study, together with the reduced density, the plots of water
absorption may further confirm this type of secondary poros-
ity developed at 850–900 ◦C, more pronouncedly in the sam-
ples made of 2 �m sized powders (Fig. 4). Further increase
of temperature beyond 900 ◦C probably causes dissolution
phenomena where the larger particles (10 �m) are expected
to exhibit higher resistance to melt than the smaller ones
(2 �m). Therefore, the density of the samples made of pow-
ders of 2 �m dramatically decreases (Fig. 4a).

Fig. 6 shows that bending strength increases with increas-
ing sintering temperature from 800 to 850 ◦C. Up to 900 ◦C,
there is no significant difference between the samples made
of finer and coarser glass powders. With regard to compo-
sition, mechanical strength generally increases in the order
A < B < C. The maximum values for the compositions A, B
ig. 5. Influence of the temperature of heat treatment on shrinkage of sam-
les made of powders with mean particle sizes of (a) 2 �m and (b) 10 �m.
he standard deviation of the presenting points was less than 5%.
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ig. 6. Influence of the temperature of heat treatment on 3-point bending
trength of samples made of powders with mean particle sizes of (a) 2 �m
nd (b) 10 �m. The standard deviation of the presenting points was less than
%.
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and C were 112–115 MPa, 122–130 MPa and 131–140 MPa,
respectively.

According to the X-ray spectra (Fig. 7), triclinic anorthite
was predominantly crystallized at 850–950 ◦C in all composi-
tions investigated. The particle size did not affect the position
of the X-ray peaks but a slight increase of peaks’ intensity was

observed with increasing particle size (thus only the spectra
of the samples made of powders of mean particles size of
10 �m are shown in Fig. 7). Small peaks assigned to fluora-
patite were registered in the spectra of composition A at all
investigated temperatures (Fig. 7a). In composition B, diop-
side was further detected, and the relevant X-ray peaks were

F
d

ig. 7. XRD spectra of glass-ceramics (a) A, (b) B and (c) C. All the peaks fit to
iopside (d: 75-1577). The spectra have not been normalized; full scale 10,000 cps.
anorthite (41-1486) except those assigned to fluorapatite (f: 73-1727) and
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intensified over increasing temperature (Fig. 7b). The pres-
ence of diopside was sounder in composition C, which is
the richest in MgO (Fig. 7c), being in a fair agreement with
the clear splitting of the exothermic peak (TC1 and TC2) in
the corresponding DTA thermograph of Fig. 3. There was
no evidence of B2O3-assciated phases, suggesting that B2O3
should be dissolved in the glass matrix. An earlier study has
demonstrated that B2O3 acts as sintering aid but it neither
reacts nor dissolves in anorthite crystals.20

Fig. 8 shows typical microstructures of the investigated
compositions after heat treatment at 920 ◦C (2 �m) and
950 ◦C (10 �m). Characteristic twined and lamellar crystals
of anorthite were cemented with residual glass. The prepara-
tion of the samples for SEM observation by chemical etching
with HF-solution allowed us to draw out qualitative con-
clusions about the chemical durability of the residual glass
phase, and it was found that it follows the general order

A < B < C (i.e. longer etching time was needed to sufficiently
dissolve the glassy phase in samples C than in samples A).
Prismatic crystals of ∼1 �m in length and an aspect ratio
of 4–6 were observed in the samples made of glass pow-
der with 2 �m in size (Fig. 8a, c and e). Less amount of
glassy phase and formation of lamellar plates along with
prismatic crystals (∼3 �m in the length) were observed in
the samples produced from the glass powders with particle
size of 10 �m (Fig. 8b, d and f). The small diameter of the
EDS-spot enable performing chemical analysis only of the
big lamellar plates and the prismatic crystals (Fig. 8d and
f). According to these analyses, the estimated oxides con-
tents (in wt.%, CaO 18.82–23.82, Al2O3 33.05–35.89 and
SiO2 43.09–45.34) correspond approximately to stoichio-
metric anorthite (CaO 20.16, Al2O3 36.65, SiO2 43.19).

From dilatometry, the coefficient of thermal expan-
sion (CTE) of the sintered specimens was measured

F
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ig. 8. Microstructure of glass-ceramics: (a) A-2 �m-920 ◦C, (b) A-10 �m-950 ◦C,
50 ◦C (dwell 1 h; etching with 2 vol.% HF).
(c) B-2 �m-920 ◦C, (d) B-10 �m-950 ◦C, (e) C-2 �m-920 ◦C, (f) C-10 �m-
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Table 3
Properties of the synthesised anorthite based glass-ceramics A, B and C

Properties A (An90-D10) B (An80-D20) C (An70-D30)

2 �m 10 �m 2 �m 10 �m 2 �m 10 �m

Sintering temperature (◦C) 850 900 850 900 850 900
Density (g/cm3) 2.59 2.58 2.64 2.64 2.68 2.70
Shrinkage (%) 13.70 13.40 14.35 14.45 14.70 13.10
Water absorption (%) 0.17 0 0 0.08 0 0
Bending strength (MPa) 115 111 130 116 140 125

CTE (10−6 K−1)
100–400 ◦C 4.18 4.69 4.75
100–500 ◦C 4.62 5.05 5.10

as 4.62–5.10 × 10−6 K−1 (100–500 ◦C), which generally
increased from composition A to B and C. These val-
ues are very close to the CTE of stoichiometric anor-
thite (4.5 × 10−6 K−1) and close to the CTE of Si
(3.0 × 10−6 K−1). The properties of the produced A, B and
C glass-ceramics are presented in Table 3.

In conclusion, dense anorthite based glass-ceramics with
desirable physical, mechanical and thermal (CTE) proper-
ties for LTCC applications can be successfully synthesized
at 850–900 ◦C. Investigation of electrical properties is cur-
rently underway. With regards to economical issues, in this
study melting of glasses was carried out at considerably
lower temperatures (1500–1580 ◦C) and shorter dwelling
times (1.5 h) than in other similar cases reported in litera-
ture (i.e. 1600–1650 ◦C for 2–10 h).6,8,10,20

4. Conclusions

Anorthite based glass-ceramics of glass composi-
tions located close to the anorthite-rich corner at the
fluorapatite–anorthite–diopside ternary system (A, B and C)
were successfully fabricated. Doping with B2O3 aimed at
enhancing both melts’ fluidity and sinterability of glass-
powder compacts.
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CTE of the sintered specimens was 4.62–5.10 × 10−6 K−1

(100–500 ◦C) and generally increased from composition A
to B and C.
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