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bstract

diopside (CaO·MgO·2SiO2) and wollastonite (CaO·SiO2) glass-ceramics, forming ∼60% crystal phase and ∼40% albite-like
Na2O·Al2O3·6SiO2) residual glass were studied. Two other diopside glass-ceramics with higher Na2O and Al2O3 content were also investigated.

The phase formation was estimated by DTA, XRD and pycnometry, while the densification process was evaluated by porosity variations,
ilatometry and SEM observations. The bending strength, Young modulus and coefficient of thermal expansion of the glass-ceramics were also
easured and discussed.
The compositions were characterized by a good sinter-ability and surface crystallization and, due to the different volume variation of diopside and

ollastonite during the crystallization, diverse amounts of intragranular crystallization induced porosity, PCR, were formed in the glass-ceramics.
Notwithstanding the higher porosity, the diopside glass-ceramics have better mechanical properties than wollastonite one. At the same time,

espite of the different residual glass compositions and the diverse coefficients of thermal expansion, all diopside materials have comparable
ending strength and Young modulus.
The obtained diopside sintered glass-ceramics are characterized by significant porosity of 10–12 vol.%, high amount of residual glass (about
0%), large initial particles (<75 �m) and elevate crystal size (15–25 �m). Nevertheless high bending strength of 130 MPa and Young modulus of
00 GPa were obtained after only 1 min sinter-crystallization at 900 ◦C. The good mechanical properties were related to the PCR formation.

2007 Elsevier Ltd. All rights reserved.
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. Introduction

From a thermodynamic point of view the stable crystal phase
as lower free energy and higher density than the correspond-
ng unstable amorphous phase with the same composition.1–4

or this reason the crystallization processes, related to the
lass-ceramics production, are accompanied by a crystallization
olume variation, �VCR. Since the glass density is an additive
unction of the chemical composition,3,5,6 while the density of
rystal phases depends on their structure and packing 1,7 �VCR

aries significantly 4,8,9: its value is lower at more loosely crystal
tructure and is higher at more dense arrangement.

∗ Corresponding author. Tel.: +359 2 979 2552; fax: +359 2 971 2688.
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The glass-ceramics are considered as non-porous materials
0–12 (i.e. it is assumed that the crystallization volume variation
eads only to some shrinkage of the products and to increasing of
he density). The occurrence of micro-voids, observed in some
lass-ceramic samples, are explained as defects of the parent
lasses or cracks, formed due to different coefficients of thermal
xpansion of the presented crystal and amorphous phases.10–12

imilarly to the ceramic materials, the porosity is considered
s a negative factor, which significantly reduces the mechanical
roperties. For this reason it is assumed that the absence of poros-
ty in the glass-ceramic materials is one of their main advantages.

Another peculiarity of the crystallization process, related to
lass-ceramics manufacturing, is the increase of apparent vis-

osity, ηa, due to phase formation. This phenomenon is well
nown in the glass-ceramics, produced by bulk nucleation and
rystal growth, since it avoids their deformation during the heat-
reatment.10–12

mailto:karama@ipc.bas.bg
dx.doi.org/10.1016/j.jeurceramsoc.2007.08.001
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The experimental associated errors to the evaluation of ρa, ρgc
and ρs were estimated as ±0.013, ±0.003 and ±0.005 g/cm3,
respectively, which correspond to ±0.6 and ±0.3% errors of PT
and PC, respectively.

Table 1
Chemical compositions of studied glasses (t, theoretical and a, analysis results)

D D-Al D-Na W

t a t a t a t a

SiO2 54 53.0 54 53.5 54 53.2 54 51.9
56 A. Karamanov, M. Pelino / Journal of the

In order to limit the deformation it is recommended to apply
ow heating rate between the nucleation and crystallization steps
nd to carry out the phase formation process always at ηa values
uperior than 10 dPa s.10,11 It is also supposed that at high heating
ate the stresses, formed by �VCR, may create cracks in the
ample, while at low heating rate the induced crystallization
tresses are compensated by the slow viscous flow of residual
lassy phase.

The variation of apparent viscosity also influences the syn-
hesis of sintered glass-ceramics.13 When the rate of phase
ormation is low, the sintering kinetics may be explained by the
heories of viscous flow sintering,14–17 while, when densification
nd crystallization take place simultaneously, the increasing of
pparent viscosity may reduce the sintering rate and may inhibit
he densification.18–25

Various models are proposed to explain the relationship
etween the apparent viscosity of a suspension and the cor-
esponding volume of rigid phase.26–28 Nevertheless of the
ifferences in the theoretical approaches, all relations predict
relatively small variation up to one “critical” percentage of

igid phase, followed by rapid increasing of ηa by 103–6 dPa s.
n the case of sinter-crystallization this means that full densifi-
ation can be obtained only if the sintering process completes
efore the formation of the “critical” percentage of crys-
alline phase; otherwise it will be inhibited by high apparent
iscosity.

The densification of some sintered glass-ceramics is hindered
fter the formation of 5–15% of crystal phase 23,24 and the sub-
equent phase formation does not lead to any additional volume
ariations.19–21,24,25 It follows that the increasing of ηa not only
nhibits the sintering process but also hinders the shrinkage due
o �VCR. It can be concluded that only a part of the crystalliza-
ion volume variation increases the apparent density, while the
nother part can be transformed into additional pores or/and can
reate tensile stresses in the material.

The formation of this porosity was noted by some
uthors,29–32 but it was highlighted in details in our previ-
us works,33–35 where the crystallization volume variations,
he kinetics of sinter-crystallizations and the properties of
hree compositions with albite (Na2O·Al2O3·6SiO2)–diopside
CaO·MgO·2SiO2) compositions were discussed. The formed
iopside is a phase with a high �VCR, which leads to formation
f intragranular spherical pores, named induced crystallization
orosity, PCR. The amount of the induced porosity increases as
function of the crystallization trend: about 60, 50 and 30 wt%
iopside were formed in the three glass-ceramics, whereas the
CR amount was estimated as about 8, 5 and 1 vol.%, respec-

ively. Nevertheless of the increasing of porosity the mechanical
roperties improve with the rise of the crystallinity.

In the present work three new glasses were studied. In the
rst composition �-wollastonite (CaO·SiO2) (i.e. crystal phase
ith similar chain silicate structure as diopside but with a mini-
um �VCR variation 8,9) and albite residual glass are formed. In
ther two compositions the crystal phase remains diopside, but
he residual albite glass is modified, becoming richer of Na2O
nd Al2O3, respectively. The results were compared with the
orresponding diopside–albite glass-ceramic.

A
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ean Ceramic Society 28 (2008) 555–562

. Experimental

Glass batches were prepared by mixing quartz sand
SiO2 > 99.5%) with technically pure Al(OH)3, CaCO3, MgCO3
nd Na2CO3. The theoretical glass compositions (labelled W, D,
-Na and D-Al) are reported in Table 1, together with the values,
btained by XRF analysis (Spectro XEPOS) after glass melting.
oth results are in a good agreement, except for the alumina
ontent due to the corrosion of the crucibles.

The melting of glasses was carried out in 500 ml corundum
rucibles for 2 h. D and W were melted at 1500 ◦C, while D-
a and D-Al at 1450 and 1550 ◦C, respectively. The melts were

ritted and the obtained frits (about 250 g for each glass) were
roken, milled and sieved. The milling was carried out in agate
ill at 300 turns/min using portions of 50–60 g frit and milling

ime of 20 min.
The crystallization was evaluated by DTA (Linseiz L81) at

0 ◦C/min using powder (75–125 �m) and little bulk samples of
bout 100 mg.

“Green” samples with initial sizes 7/10/10 and 4/4/8 mm3

ere prepared by mixing fractions 75–125 �m with 7.5% PVA
olution and by pressing at 100 MPa. The samples ware used to
tudy the sintering by pycnometry and dilatometry, respectively.

After drying and a 30 min heat-treatment at 270 ◦C (to
liminate the PVA), the samples (7/10/10 mm3) were held for
h at different temperatures, using heating and cooling rates
f 20 ◦C/min. The densification was evaluated by measuring
pparent, ρa, skeleton, ρs, and absolute, ρgc, densities and by
stimation of corresponding total, PT, closed, PC, and open, PO,
orosities:

T = 100
ρgc − ρa

ρgc
(1)

C = 100
ρgc − ρS

ρgc
(2)

O = PT − PC (3)

a was measured by a dry flow pycnometer (GeoPyc 1360),
hile ρs and ρgc—by He displacement Pycnometer (AccuPyc
330). First the skeleton density was measured and then the abso-
ute density after crashing and milling the samples below 26 �m.
l2O3 2 2.1 4 5.2 – 0.7 2 4.6
aO 21 22.1 21 19.6 21 22.6 42 41.6
gO 21 20.6 21 17.9 21 19.6 – –
a2O 2 2.2 – – 4 3.9 2 1.9
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microstructure evolves to closed porosity. In D, the porosity is
open up to 750 ◦C, at 800 ◦C starts formation of closed poros-
ity and at higher temperature the porosity is practically only
closed.
A. Karamanov, M. Pelino / Journal of the

The sintering was also studied by differential dilatometer
Netzsch 402 ED) at 10 ◦C/min employing 4/4/8 mm3 samples.
etailed description of the used experimental technique is given

n a previous work.35

The structure and morphology of the obtained glass-ceramics
ere investigated by a scanning electron microscopy (Philips
L30CP), after polishing and etching the surface for 3 or 10 s
ith 2 wt% HF solution, and by back scattering electrons (BSE)
bservation.

Phase analysis of the glass-ceramics was made by X-ray
iffraction (Philips PW1830) with Cu K� radiation. The amount
f crystalline phase was estimated by comparing the amorphous
nd crystalline areas in the XRD spectra.

Crystalline fraction, x (wt%), was also evaluated by the den-
ity measurements through the following expression 9:

= 100
1/ρg − 1/ρgc

1/ρg(cr) − 1/ρcr
(4)

g is the absolute density of the parent glass, ρgc the absolute
ensity of the glass-ceramic, ρg(cr) the density of a hypothet-
cal glass with composition of the formed crystal phase and
cr is the density of the crystal phase. The applicability of this
ethod depends by the density difference between the crystal

nd corresponding amorphous structures (i.e. by �VCR) and by
he accuracy of density measurements. The experimental asso-
iated error to the measurements of ρg and ρgc was evaluated
s ±0.003 g/cm3. In case of diopside ρcr and ρg(cr) have values
f 3.27 and 2.75 g/cm3, respectively, which corresponds to an
rror of ±1% crystal phase. In the case of wollastonite, ρcr and
g(cr) have similar values (2.92 and 2.87 g/cm3, respectively),
ielding an error of ±11% crystal phase.

3/4/50 mm3 “green” samples were prepared by using the
75 �m glass fraction and pressing at 150 MPa. The samples
ere heated at 20 ◦C/min, held at the proper temperature range

or sinter-crystallization and cooled at 5◦/min. Series of five
amples were used to evaluate the mechanical properties. The
oung modulus was measured by means of the non-destructive

esonance frequency technique (Grindosonic) and the bending
trength was evaluated by a three point bending test with 40 mm
uter span and a speed of 0.1 mm/min (SINTEC D/10).

The linear thermal expansion coefficients, CTE (20–400 ◦C)
f the final glass-ceramics were evaluated at 5 ◦C/min by a Dif-
erential Dilatometer (Netzsch 402 ED).

. Results and discussion

.1. D and W glass-ceramics

Fig. 1 shows DTA traces of D and W powder and bulk
amples. Both compositions present surface crystallization as
emonstrated by the shift of the crystallization peak from bulk
o powder samples. Crystallization peaks of the powder samples
ccur at 130–140 ◦C lower temperatures and have considerably

igher intensity than the ones of bulk samples. The temperature
ifferences between crystallization peak, Tp, and glass transi-
ion, Tg, temperatures are also comparable. Due to its inferior
iscosity diopside composition has lower Tg and Tp.
Fig. 1. DTA traces of powder and bulk D and W samples.

Fig. 2 presents the corresponding sintering curves and high-
ights that the densification in both compositions starts in the
lass transition range and completes before the beginning of
ntensive phase formation (i.e. the sintering is not significantly
nfluenced by the crystallization). The temperature shift between
oth dilatometric traces is similar to one, observed in the DTA
esults.

Apparent, absolute and skeleton densities, as a function of
olding temperature, are shown in Figs. 3 and 4; the correspond-
ng values of open, closed and total porosities are summarised
n Figs. 5 and 6.

The variation of the apparent densities is similar for both
lasses. In D and W, a remarkable increasing of ρap is observed at
0–70 ◦C higher temperatures than the glass transition range (i.e.
t 750 and 800 ◦C, respectively). The densification completes at
00 and 850 ◦C, respectively, and at higher temperatures the
pparent densities remain constant.

The variation of skeleton density highlights the formation of
losed porosity: when ρsc is equal to ρas the porosity is only
pen, while when ρsc is equal to ρap the porosity is only closed.
n W the porosity is mainly open up to 800 ◦C and then the
Fig. 2. Dilatometric sintering curves of D and W samples.
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Fig. 3. Apparent, skeleton and absolute density of D composition vs. tempera-
ture.

Fig. 4. Apparent, skeleton and absolute density of W composition vs. tempera-
ture.

Fig. 5. Open, closed and total porosity of D composition vs. temperature.
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ig. 6. Open, closed and total porosity of W composition vs. temperature.

The variation of absolute density is related to the phase for-
ation. In diopside composition, which is characterized by a

ignificant crystallization volume variation, ρas starts to increase
t 750 and at 850–900 ◦C its value rises by 11–13%. In the
ollastonite composition, where �VCR is small, the absolute
ensity increases by 1–1.5% in the phase formation range of
00–1050 ◦C.

Due to diverse crystallization volume variations both glass-
eramics are characterized by different closed porosity: in
ollastonite composition (950–1050 ◦C) PC is 4–4.5%, while

n diopside glass-ceramic (900–1050 ◦C) it is 10–12%. Assum-
ng that 3–4% of the porosity is intergranular residual porosity,
RE, 1,2,15,17,30 it may be concluded that about 8% induced
rystallization porosity, PCR, is formed in D and about 1% in

.
SEM observations, shown in Figs. 7 and 8, confirm the elevate

orosity in D and the more dense structure of W glass-ceramics,
espectively.

Fig. 7. BSE-SEM images of D glass-ceramic after 3 s etching time.
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Table 2
Properties of studied glass-ceramics

Bending
strength (MPa)

Young modulus
(GPa)

Linear thermal expansion
(×10−7 deg−1)

D 132 ± 14 108 ± 3 88
D-Na 131 ± 13 105 ± 6 91
D
W

T
f
b
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Fig. 8. BSE-SEM images of W glass-ceramic after 3 s etching time.

Fig. 9 presents BSE-SEM images at different magnifications
f the diopside material. The two types of closed porosity are
ell distinguished: the intergranular residual pores have irreg-
lar shape and are characterized by a smooth surface, while
ntragranular-induced crystallization pores have semi-spherical
hape and an indented polycrystalline surface.

The diameters of the crystallization pores are about 40–45%
f the size of corresponding particles, which means that the
ore volume is between 7 and 9% of the whole grain volume.
his value is in a good agreement with the total PCR amount
nd highlights that the formation of crystallization-induced pore
akes place practically in each grain.

The structure of both kinds of pores at a 4000 magnification
s presented in Fig. 10. Fig. 10a shows the smooth surface of a

esidual pore, where the beginning of surface crystallization is
ell distinguished; Fig. 10b presents the surface of an induced

rystallization pore with the final part of the crystals growth,
ompleting in the void, formed in the particle center.

a
a
7
D

Fig. 9. BSE-SEM images of D glass-cera
-Al 137 ± 11 107 ± 5 77
76 ± 8 99 ± 2 65

In W glass-ceramic two kinds of porosity were also observed.
he main part of the pores are residual intergranular voids,

ormed at the end of densification process and characterized
y 20–70 �m sizes. Few new spherical intragranular pores with
maller size of 5–15 �m were also observed in the end of crys-
allization. Fig. 11a shows a typical residual pore with a smooth
urface, formed after 1 h at 850 ◦C, while Fig. 11b is an image
f the additional intragranular porosity, obtained at 950 ◦C.

The XRD spectra of D and W glass-ceramics obtained
fter 1 h at 900 and 950 ◦C, respectively, show comparable
rystallinity values of 59 ± 4% diopside in D and 56 ± 4% �-
ollastonite in W.
The coefficients of thermal expansion, CTE, of the glass-

eramics (Table 2) were compared with CTE values of formed
rystal phases and hypothetical residual glasses. For diopside
nd �-wollastonite the data, obtained by Richet et al. 36 were
sed, while CTE of the residual glasses were estimated by Appen
ethod.5 The chemical compositions of residual glasses were

valuated as a function of parent glass compositions and the
mounts of crystal phase formed.

In W glass-ceramic the measured coefficient of linear
hermal expansion (65 × 10−7 K−1) is similar to the �-
ollastonite (63 × 10−7 K−1) and lower than the residual glass

73 ± 3 × 10−7 K−1). At the same time, D glass-ceramic has
thermal expansion of 88 × 10−7 K−1, while the diopside
nd the residual glass have lower values of 84 × 10−7 and
5 ± 2 × 10−7 K−1, respectively. The unusually high CTE of

glass-ceramic may be explained by the dendritic colonnar

mic structure after 3 s etching time.
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Fig. 10. BSE-SEM images of surface of residual pore (a) and crys

hape of the crystals35 and by anisotropy of thermal expansion
f diopside36: in the 20–400 ◦C range this phase has high CTE
f 169.8 × 10−7 K−1 in b crystallographic axis and low CTE of
5.2 × 10−7 and 56.3 × 10−7 K−1 in a and c axes, respectively.

By the dilatometric results follows that tensile stresses can
e formed in W residual glass (the amorphous phase has higher
TE than the glass-ceramic) and compressive stresses can be

ormed in D residual glass (the amorphous phase has lower CTE
han the glass-ceramic).10,11

Table 2 also reports the bending strength and the Young mod-
lus of D and W glass-ceramic samples. Notwithstanding of its
igher porosity, D shows better properties than W, in appar-

nt contradiction with the “traditional” knowledge about the
echanical properties of ceramic materials, which predict a sig-

ificant decrease of the mechanical properties as function of the
orosity.1,2,27

p

a
r

Fig. 11. BSE-SEM images of W glass-cer
ation-induced pore (b) in D glass-ceramic after 10 s etching time.

Since the two glass-ceramics have ∼40% albite-like resid-
al glasses and similar surface crystallization behaviour two
ypotheses might be proposed to explain the higher mechanical
roperties of D samples.

The first approach is based on the different CTE of the glass-
eramics. The traditional models, used to explain the mechanical
roperties of ceramic and glass-ceramic materials, assume that
he characteristics improve at crystal phase with higher CTE than
he residual glassy phase and decrease at crystal phase with lower
TE. It might be supposed that the positive effect due to the

ormation of reinforcing compressive stresses in the residual D
lassy phase overcomes the negative effect caused by its higher

orosity.

The second hypothesis considers that the formation of a high
mount of induced porosity in D composition can significantly
educe the crystallization stresses. If the PCR formation is neg-

amic structure after 3 s etching time.
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ig. 12. Viscosity–temperature curves of diopside compositions, estimated by
he Lakatos method.

igible it may be assumed that a part of �VCR variation can
e transformed in internal tensile stresses, which will decrease
he mechanical properties. Moreover, the formation of spherical
ores in the centers of the grains might interrupt the propagation
f micro-cracks.

In order to clarify the obtained result two other diopside
omposition were defined and investigated.

.2. D, D-Na and D-Al glass-ceramics

The new diopside glasses contain equal percentages SiO2,
aO and MgO as D composition and different amounts Na2O
nd Al2O3. In D-Na the 2 mol% Al2O3 was substituted by Na2O,
hereas in D-Al the 2 mol% Na2O was replaced with Al2O3.
s a result, the viscosity in D-Na decreases and the coefficients
f thermal expansion of parent and residual glasses increases,
hile in D-Al the viscosity increases and CTE decreases.
Hypothetical viscosity–temperature curves of the three diop-

ide compositions, estimated by the Lakatos method,3 are
lotted in Fig. 12, while Figs. 13 and 14 show D-Na, D and

-Al dilatometric and DTA results, respectively.
The densification plots of the three diopside compositions

ighlight that the sintering starts in the glass transition range and
ompletes before the beginning of crystallization; the temper-

Fig. 13. Dilatometric sintering curves of D, D-Na and D-Al samples.
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Fig. 14. DTA traces of powder D, D-Na and D-Al samples.

ture shifts of the sintering curves are similar to the viscosity
ariations. The DTA traces demonstrate that the Tg and TP
hanges also are in agreement with the expected viscosity dif-
erences.

At the same time the DTA exo-therms become broader and
ith lower intensity in order D-Na, D and D-Al. This feature
ay be related to the different variations of residual glass com-

ositions during the phase formation. The residual melt in D-Na
ecomes richer of Na2O, which decreases the viscosity and
ncreases the crystallization rate, while in D-Al the viscosity
ncreases, reducing the velocity of phase formation and increas-
ng the crystallization time; in D a negligible viscosity variation
s expected during the phase formation.33

D-Na and D-Al samples were heat-treated at different tem-
eratures for different times and the degrees of sintering and
rystallization were evaluated by pycnometry measurements.
bout 64 and 58 wt% diopside and 9–10 and 8–9 vol.% PC
ere measured in D-Na and D-Al glass-ceramics, respectively,
y complete sinter-crystallization obtained after 1 min at 900 ◦C
or D-Na and 60 min at 950 ◦C for D-Al.

The three diopside glass-ceramics have comparable porosi-
ies and percentages of formed crystal phase, but, due to different
hemical compositions of the residual glasses, are characterized
y diverse coefficients of thermal expansion (Table 2).

CTE of the residual glasses, estimated by Appen method,5

orresponds to 95 ± 2 × 10−7 K−1 for D-Na (i.e. higher value
han the glass-ceramic) and 41 ± 2 × 10−7 K−1 for D-Al (i.e.
ower value than the glass-ceramic), respectively. It follows that
ompressive stresses might be formed in D-Al glassy phase and
ensile stresses in one of D-Na.10,11 It might be assumed that
mprovement of the mechanical properties can be expected in
-Al glass-ceramic and decreasing in D-Na. Moreover, due to
igh Na2O and low Al2O3 percentages, D-Na residual glass must
ave the lowest mechanical resistance.

The Young modulus and bending strength of the three diop-
ide compositions however are comparable, which highlights
hat the mechanical characteristics in the studied glass-ceramics
ainly depend on the formation of crystallization induced
orosity and their specific structures. The new diopside glass-
eramics are characterized by large initial particles, elevate
rystal length of 15–25 �m, about 40% residual glass and about
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62 A. Karamanov, M. Pelino / Journal of the

0% porosity. Nevertheless, their mechanical properties are
omparable to the fine-crystalline bulk glass-ceramics,10–12 pro-
uced by long two step thermal treatment, and to the advanced
eramics materials, obtained by sintering of fine powders at high
emperatures.1,2,27

The relationship between the PCR formation and the relax-
tion of the induced crystallization stresses in glass-ceramics,
s well as the kinetics of formation of nano- and micro-
rystallization induced porosity, will be the objects of future
nvestigations.

. Conclusions

The structure and properties of a diopside and a wollastonite-
intered glass-ceramics, forming ∼60% crystal phase and ∼40%
lbite-like residual glasses, are compared. Both compositions
re characterized by good sinter-ability and surface crystalliza-
ion but, due to the crystallization volume variation of diopside
nd wollastonite, different intragranular crystallization induced
orosity, PCR, are formed. The diopside glass-ceramic is char-
cterized by higher with about 8 vol.% porosity but with a 70%
uperior bending strength.

Two other diopside compositions with higher Na2O and
l2O3, contents, forming similar amount of crystal phase and
CR, were also investigated. The glass-ceramics are character-

zed by different residual glasses and coefficients of thermal
xpansion but have similar mechanical properties.

Bending strength of 130 MPa and Young modulus of 100 GPa
ere obtained after only 1 min heat-treatment at 900 ◦C.
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