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bstract

ica glass–ceramic composites toughened by 5, 10 and 15 wt.% partially stabilized zirconia (Y-PSZ) were prepared via pressureless sintering.
interability of composites was investigated in the temperature range of 1060–1170 ◦C using soaking time of 240 min. The sintered specimens
ere characterized by scanning electron microscopy (SEM) and X-ray diffraction (XRD) methods. The results revealed that during sintering, the
issolution of Y-PSZ occurred in the residual glass which caused the formation of zircon and transformation of tetragonal to monoclinic zirconia.

echanical properties of the sintered samples such as bending strength, Vickers micro-hardness and fracture toughness were also investigated.
easurements showed that addition of 15 wt.% ZrO2 to the mica glass–ceramic matrix increased the bending strength from 50.91 ± 10.50 to

32.47 ± 13.80 MPa. Fracture toughness was also improved up to 1.37 ± 0.14 MPa m1/2.
2008 Elsevier Ltd. All rights reserved.
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. Introduction

Mica-based glass–ceramics are well-known machinable
eramics, which have excellent thermal, electrical and biologi-
al properties. These outstanding properties make them suitable
or use in high-performance applications such as aerospace
ndustry, insulators, welding tools, biomedical applications, etc.
evertheless, they suffer from their low hardness and insuf-
cient mechanical strength.1,2 Numerous attempts have been
ade to overcome the mentioned weakness of these materials.
he substitution of K+ or Na+ as the interlayer ions of mica
rystals by Ba2+ or Ca2+ ions resulted in the formation of high-
trength mica glass–ceramics.3 Orientated mica glass–ceramics
abricated by hot-pressing or extrusion processes represent high
trength and toughness in comparison with the conventional

ica glass–ceramics containing randomly orientated mica crys-

als with the house of cards structure.4–6 Also, they could be
einforced with zirconia (ZrO2), which is crystallized from the
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ulk glass.7,8 It has been reported that calcium mica-based
anocomposite, which contains nano-size (20–50 nm) tetrago-
al ZrO2 particles, exhibits high flexural strength and fracture
oughness.7 The excellent mechanical performance is related
o crack deflection by mica plates and phase transformation of
rO2 particles.7,8 It should be noted that all these researches
ave been done on mica glass–ceramics fabricated via melt-
ast method, and there are a few work done on the sintering
rocess.9–11 Previous study revealed that by using an additive
uch as P2O5, viscous flow sintering can be successfully used to
roduce mica glass–ceramic with excellent machinability and
ppropriate final density. Optimum composition obtained from
he sintering method was selected as a matrix of composite in
his study.9

Zirconia is a very important ceramic for its transformation-
oughening behavior. It goes through a martensitic phase
ransformation from tetragonal-to-monoclinic by a thermal hys-
eresis loop, since it occurs at about 1150 ◦C during heating

monoclinic-to-tetragonal) and at about 950 ◦C during cool-
ng (tetragonal-to-monoclinic).12 It is well-known that the
tress-induced transformation of metastable tetragonal ZrO2 to
onoclinic ZrO2 consumes the energy of propagating crack and
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dx.doi.org/10.1016/j.jeurceramsoc.2008.04.026
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XRD patterns of the sintered mica glass–ceramic and the
composites are shown in Fig. 3. The sintered glass–ceramic
contained fluorophlogopite, forsterite and spinel (MgAl2O4).
Besides the mentioned phases, monoclinic zirconia (m-ZrO2),
688 M. Montazerian et al. / Journal of the Eu

top it from further propagation. To extend the crack further
equires additional tensile stress. The result of this behavior is
ceramic that is very tough, strong and suitable for use as a

einforcement in the matrix of composites.13,14

In this study, in order to improve mechanical properties,
ica glass–ceramic composites toughened by partially stabi-

ized zirconia particles (Y-PSZ, ZrO2 stabilized with 3 mol%
2O3) were synthesized by employing pressureless sintering.
dditionally, microstructural studies and investigation into the

oughening mechanisms of the composite were the objectives of
his work.

. Experimental procedure

The theoretical composition of mica-based glass was
0.13 wt.% SiO2, 16.24 wt.% Al2O3, 19.11 wt.% MgO,
.00 wt.% K2O, 2.23 wt.% B2O3, 9.55 wt.% F and 4.45 wt.%
2O5. The raw materials used in the preparation of glass were
ll high quality reagents of SiO2, Al2O3, Mg(OH)2, K2CO3,
3BO3, MgF2 and NH4H2PO4. The thoroughly mixed glass
atch (∼200 g) was preheated at 900 ◦C for 1 h and then melted
n platinum crucible at 1410 ◦C for 30 min. The melt was then
uenched in cold distilled water to obtain frit.

Then the frit was milled in a high-speed alumina mill in
n ethanol environment for 45 min. The particle size measure-
ent of the glass powder was carried out by a laser particle size

nalyzer (Fritsch, Analysette 22).
The milled glass powder was mixed with 5, 10 and 15 wt.%

-PSZ powder (Aldrich; submicron powder with mean particle
ize of 0.89 �m). Wet mixing in ethanol was performed for 6 h
n an alumina jar-mill. The dried powder of each sample was
ranulated by adding 2 wt.% polyvinyl alcohol solution.

The granulated powders were pressed using a uniaxial
ydraulic press into discs (10 mm in diameter and 4 mm thick-
ess) at a final pressure of 65 MPa. After the organic binder was
emoved from the samples by holding at 450 ◦C for 1 h, the discs
ere fired between 1060 and 1170 ◦C, in an electric furnace. The
eating rate was 20 ◦C/min and the sample remained in the max-
mum temperature for 240 min. The mica glass–ceramic named
s Mica, and the composites containing 5, 10 and 15 wt.% Y-PSZ
ere-after are referred to as M5Z, M10Z and M15Z, respectively.

The bulk density of sintered samples was determined by
rchimedes method. The crystallized samples were then sub-

ected to X-ray diffraction (XRD) analysis using a powder
iffractometer (Siemens D-500, Cu K� radiation at 40 kV).
he microstructural studies were done by scanning electron
icroscope (SEM, Philips XL30). The content of tetragonal zir-

onia phase was determined using the method of Garvie and
icholson.15

Sintered rectangular bars (2.5 mm × 5 mm × 25 mm) were
lso used for three-point bending strength and fracture toughness
easurements.
The fracture strength measurements were performed on sin-
le edge-notched bar (SENB) specimens with a span of 20 mm,
nd a nearly half-thickness notch (∼2.5 mm) was made using a
ow speed diamond cutting saw (Buehler, Isomet). The notch had
nominal thickness of 0.3 mm. The fracture toughness value was
n Ceramic Society 28 (2008) 2687–2692

alculated according to ASTM E399. The flexural strength and
he fracture toughness measurements of the glass–ceramic and
omposites were conducted in air at room temperature (Instron
niversal Testing Machine-1196) with a crosshead speed of
mm/min. At least seven specimens were tested for each series
f composition. A Vickers micro-hardness tester with a diamond
yramid indenter (Buehler, Micromet 1) was used to measure
icro-hardness. The load was 500 g and the loading time was

0 s. Data of hardness were determined using at least 10 inden-
ations on each polished specimen.

. Results and discussion

Fig. 1 shows the particle size distribution of the glass powder,
hich has a mean particle size of 12.5 �m. Calculated rela-

ive density of green compacted specimens was 56% for glass
owder, 54% for M5Z and 51% for M10Z and M15Z.

Relative densities of the specimens versus firing temperatures
re plotted in Fig. 2. By increasing the temperature, relative
ensity increased to the maximum values and then decreased
t higher temperatures. Achieving the maximum density was a
riterion for determining the optimum sintering temperatures.
herefore, the temperatures of 1100, 1110, 1120 and 1130 ◦C
ere chosen for Mica, M5Z, M10Z and M15Z as the optimum

intering temperature, respectively. As it was expected, adding
-PSZ particles into the glass–ceramic matrix reduced the sin-

erability and increased the sintering temperatures of specimens.
loating of the samples caused a decrease in the relative densities
f them, when excessive sintering temperatures were employed.
loating of the specimens can be attributed to the volatilization
f silicon tetrafluoride at the final stage of sintering when the
pen porosities are now closed.
Fig. 1. Particle size distribution of the mica glass powder.
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glass powder before the commencement of the sintering pro-
cess (Fig. 4b), and comparing it with the microstructure of the
sintered bodies (Fig. 5), it seems that during sintering process, Y-
PSZ particles begin to agglomerate between the glass powders,
Fig. 2. Relative density of fired samples vs. temperature.

etragonal zirconia (t-ZrO2) and minor amount of zircon
ZrSiO4) were detected in the composites. The content of t-ZrO2
alculated using Garvie and Nicholson15 method was 37.6%,
3.6% and 29.6% of the whole content of Y-PSZ in composites
5Z, M10Z and M15Z, respectively.
The as-received Y-PSZ powder contained 80% t-ZrO2, which

ecreased to about 65% after mixing with glass powder using a
ar-mill. This reduction directly resulted from the stress-induced
ransformation of t-ZrO2 to m-ZrO2 during milling, which has
lso been reported by Murase and Kato.16 Further decrease in
he content of t-ZrO2 in the fired composites should be due
o the transformation of the t-ZrO2 to m-ZrO2 happened dur-
ng sintering process. The formation of zircon and especially

his transformation have been reported to arise from a reaction
etween the residual glassy phase and zirconia phase during
intering.17–19 This reaction also decrease the alloying effect of

Fig. 3. XRD patterns of sintered specimens.
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2O3 on the stability of t-ZrO2 phase, by formation of a glass
omposition in the Y2O3–Al2O3–SiO2 system.19 The zirconia
issolution have been also observed, previously in the other
lass–ceramic matrix composites reinforced with zirconia.20–22

The morphology of the as-received and agglomerated Y-PSZ
owder is illustrated in Fig. 4a. In order to investigate the effect
f mixing on the degree of dispersion of Y-PSZ particles in the
omposites, prepared mixture of glass powder and 10 wt.% Y-
SZ (M10Z) was heated to the sintering temperature and then

mmediately cooled. The back-scattered SEM micrograph of
his sample is shown in Fig. 4b. As it can be seen, agglomerated
-PSZ particles are broken into the very fine particles (less than
�m), and very well dispersion of particles in the glass matrix

s achieved before the completion of sintering process.
The SEM images of the sintered specimens etched with

wt.% HF solution for 45 s are illustrated in Fig. 5. Microstruc-
ure of the Mica contained plate-like mica crystals with
onventional interlocking structure (Fig. 5a). In the M5Z, both
ne dispersed particles (∼0.1 �m) and agglomerated particles of
irconia were observed (Fig. 5b). Agglomeration became clearer
n the M10Z and M15Z (Fig. 5c and d).

By considering the very well dispersion of the Y-PSZ in the
ig. 4. Morphology of Y-PSZ powder: (a) as-received powder (15,000×); (b)
ispersed Y-PSZ in the glass powder before the commencement of sintering
rocess (250×).
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Fig. 5. Microstructures of the sintered samples (

n order to reduce their free surface energy. The low viscosity
f residual glass facilitates the agglomeration of zirconia par-
icles. Furthermore, above-mentioned results show that ZrO2
article dissolve to some extent in the residual glass, and sub-
equently zircon precipitates during the final stage of sintering.
his partially dissolution reduces the alloying effect of Y2O3 on

he stability of t-ZrO2, and so encourages the transformation of
-ZrO2 to m-ZrO2. The transformation of t-ZrO2 to m-ZrO2 dur-
ng cooling at about 950 ◦C is also possible; since the residual
lass at this temperature is not rigid enough to retain t-ZrO2 in
he matrix. By increasing the content of Y-PSZ in the compos-
tes, higher amount of t-ZrO2 transformed to the m-ZrO2. This
ould be due to an increase in the sintering temperatures, which
ntensifies the dissolution of Y-PSZ.

Mechanical properties as well as relative density of the
intered specimens have been summarized in Table 1. All com-
osites had a lower relative density than the mica glass–ceramic
Mica). Micro-hardness increased by increasing the content of
rO2 in the specimens, but it represented too much deviation

rom the average values for M10Z and M15Z which is due to
he formation of zirconia agglomerates in these samples. Bend-
ng strength (σf) of M5Z was almost twice that of the Mica. The

10Z and M15Z represented nearly same values of bending

trength, which were the maximum strengths of the compos-
tes. A trend similar to the bending strengths was observed for
racture toughness (KIC). M10Z and M15Z showed maximum
IC values. Therefore, by incorporating Y-PSZ particles into the
): (a) Mica, (b) M5Z, (c) M10Z and (d) M15Z.

ica glass–ceramic matrix, in spite of more porosity of samples,
heir bending strength and fracture toughness increased.

Zirconia particles retard the densification of composites due
o (i) the dissolution of ZrO2 which leads to increase the viscos-
ty of residual glass and interferes with further densification of
omposites and (ii) induction a circumferential tensile stresses
hich act opposite of viscous flowing of glass matrix.23

The following mechanisms may be contributed to the rein-
orcing effect of zirconia particles in the matrix:

a) Crack deflection by dispersion strengthening. Crack deflec-
tion could occur by mica crystals or dispersed zirconia
particles. Fig. 6 shows a detail of a polished cross section
of the M10Z composite after Vickers indentation, which a
crack propagates from the indent corner. The crack was devi-
ated toward the zirconia agglomerate and propagated across
it.

b) Transformation toughening by existing t-ZrO2 phase. Sev-
eral criteria are necessary before transformation toughening
can be achieved by addition of partially stabilized ZrO2 par-
ticles to a host matrix: (1) ZrO2 particles not dissolved by
host; (2) particle size of ZrO2 typically under 0.5 �m; (3)
host microstructure strong enough to retain ZrO2 particles

in the tetragonal form during cooling; (4) the amount of
retained t-ZrO2 in the matrix.13,14

In this study, it seems that transformation toughening has
a little contribution to the increase of fracture toughness,



M. Montazerian et al. / Journal of the European Ceramic Society 28 (2008) 2687–2692 2691

Table 1
Mechanical properties and relative density of specimens

Sample Vickers micro-hardness (GPa) Bending strength, σf (MPa) Fracture toughness, KIC (MPa m1/2) Relative density (%)

Mica 2.62 ± 0.36 50.91 ± 10.5 0.8 ± 0.08 97.2
M5Z 3.04 ± 0.14 103.31 ± 20.46
M10Z 3.83 ± 0.83 131.63 ± 7.77
M15Z 4.35 ± 0.64 132.47 ± 13.8
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Fig. 6. Crack path induced by Vickers indentation on M10Z composite.

since above-mentioned criteria were not fully satisfied. ZrO2
particles dissolved in the matrix and t-ZrO2 transformed to
m-ZrO2. The amount of retained t-ZrO2 is relatively low for
transformation toughening to become dominant mechanism
for improving mechanical properties. Also, it seems that the
residual glass is not rigid enough at high temperature to
retain ZrO2 particles in the tetragonal form during cooling.

c) Dissolution of ZrO2 in the residual glass. This dissolution
incorporates minor amounts of Zr4+ into the residual glass
structure. The presence of Zr ions in the residual glass net-
work, which produce bracing by complex [ZrO4] structural
units,8,18 may represent another reinforcement mechanism.

It could be concluded that prevalent mechanism for improv-
ng mechanical properties is the crack deflection by dispersion
trengthening. High degree of dispersed ZrO2 particles in M5Z
omposite resulted in the dramatic increase of strength. But,
ending and fracture strength of M15Z is similar to the M10Z,
nd they represent a little increase in comparison to the M5Z.
his can be attributed to the insufficient densification of M15Z
nd the formation of agglomerated ZrO2 particles that would
educe the possibility of deflection by second phases.

. Conclusions

. Mica glass–ceramic composites toughened by Y-PSZ par-
ticles, which have desirable final density and improved
mechanical properties, were successfully fabricated via pres-

sureless sintering.

. The dissolution of Y-PSZ occurred in the residual glass and
resulted in the formation of zircon and transformed m-ZrO2.
This dissolution reduces the alloying effect of Y2O3 on the

1

1

1.09 ± 0.11 96.6
1.37 ± 0.14 94.7
1.36 ± 0.07 92.4

stability of t-ZrO2, and transformation of t-ZrO2 to m-ZrO2
occurs. By increasing the content of Y-PSZ in the composites,
higher amount of t-ZrO2 transformed to the m-ZrO2.

. The results showed that crack deflection by mica crystals and
dispersed zirconia particles could be a prevalent mechanism
for improving mechanical properties, and transformation
toughening has a little contribution to the increase of fracture
toughness.
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