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Abstract
We synthesized four glasses of the system 61.2SiO2–(24.3–x)CaO–4.5P2O5–10ZrO2–xK2O (x¼0, 2, 4, 6 mol%¼Ca replaced by K) using a sol–gel
route and compared their properties with a 68SiO2–27CaO–5P2O5 (mol%) Zr-free base glass. Their structure, sintering and crystallization behavior were
investigated with the aim of converting the gel-glasses into dense glass–ceramics. Then, the in vitro bioactivity and mechanical properties of the
optimized sintered samples were characterized. The structure of the gel-glasses was investigated by Fourier transform infrared spectroscopy (FTIR),
nuclear magnetic resonance spectroscopy (NMR) and high-resolution transmission electron microscopy (HR-TEM). The sintering and crystallization
kinetics of the glasses were studied by hot stage microscopy (HSM), differential scanning calorimetry (DSC) and X-ray diffraction (XRD). The
microstructures of the resulting glass–ceramics were investigated by scanning electron microscopy (SEM) and transmission electron microscopy (TEM)
coupled with energy dispersive spectroscopy (EDS). The apatite-forming ability of the sintered glass–ceramics in simulated body ﬂuid (SBF) was
investigated using FTIR spectroscopy and SEM. The three-point bending strength, Vickers microhardness and fracture toughness were also measured.
Structural analysis by NMR and FTIR revealed that Zr acts as a glass former and K is a modiﬁer, as expected. The K2O addition strongly improved the
material's sinterability, e.g., 2 mol% K2O decreased the optimum sintering temperature from 1300 1C to 1050 1C. Uniformly dispersed ZrO2 nanocrystals, with particle sizes of 25–55 nm, were precipitated in the glass–ceramics. In vitro bioactivity tests conﬁrmed that the K2O-free glass–ceramics
(partially sintered at 1000 1C) were bioactive and hydroxycarbonate apatite (HCA) grew on their surface after 24 h in SBF. However, the 490% dense
glass–ceramics with various contents of K2O exhibited low solubility and a much smaller tendency toward HCA formation. Improvement of some
mechanical properties was observed for the sample containing 2 mol% K2O, in which apatite and zirconia crystallized. The 3p-bending strength and
fracture toughness of the 94% dense sample were approximately 140 MPa and 2 MPa m1/2, respectively. We propose that crack deﬂection by the ZrO2
crystals and the presence of Zr ions in the residual glass network are prevalent for improving the materials' mechanical properties. Some potential
applications, such as bioactive scaffolds, are suggested for these glass–ceramics.
& 2015 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction
Glasses and glass–ceramics are promising materials for
various applications, such as commodity products or parts of
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sophisticated electrical, biomedical and optical devices [1,2].
Most monolithic glasses are produced via the classical meltingquenching process, and some can be converted into glass–
ceramics by controlled heat-treatments. Such treatments are
usually performed at relatively low temperatures, not far from
the glass transition, Tg, to induce internal nucleation, followed
by a second stage at a somewhat higher temperature to promote
crystallization of different phases [3–5].
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Another, less frequent, process based on powder processing
is sometimes used, in which glass powders are shaped and then
sintered and simultaneously crystallized. The processing parameters are selected in such a way that the glass softens prior to
crystallization and undergoes viscous ﬂow and densiﬁcation
before the crystallization process is completed. Sintering and
crystallization usually proceed concurrently, and the free
surfaces of the glass frits encourage crystallization; hence,
precise control of the chemical composition, frit particle size,
temperature and time are essential [3–5].
Over the past thirty years, the synthesis of different glasses
via the sol–gel route has attracted the attention of many
researchers [6–8]. This method allows for low-temperature
chemistry-based synthesis, where a sol containing chemical
precursors gelliﬁes under certain pH and concentration conditions near room temperature. Gels are wet inorganic networks
of silica, which can then be dried and heated, e.g., at 600–
700 1C, and are converted into a glass. In principle, sol–gelderived glass powders exhibit higher purity and greater
chemical homogeneity than melt-derived powders [6–9].
Among the numerous glass types prepared by the sol–gel
method, many studies on bioactive glasses with the base
composition SiO2–CaO–P2O5 have been performed, mainly
because nano-porous glasses with high surface area containing
hydroxyl groups can be easily synthesized by this procedure
[9–15]. Nano-porous glasses are usually highly bioactive even
if they have relatively high silica content, more than 60 mol%
[8–10]. Therefore, extensive efforts have been made towards
the synthesis of powders, porous particulates and mesoporous
glasses for scaffold development, bone regeneration, drug
delivery, and treatment of hypersensitive teeth, etc. [9–15].
One important drawback of the sol–gel synthesis over the
melt process is that it is very difﬁcult to obtain crack-free glass
monoliths with diameters in excess of  1 cm [6,7]. One
solution is to partially sinter gel-glass powders to a desirable
density for particular applications, such as scaffolds, coatings
and bone grafts. In this process, crystallization may be
encouraged in some cases, depending on the intended application and whether the considered crystals are bioactive [8,12–
14]. However, very few research results addressing the
sintering process of bioactive gel-glasses have been reported.
This apparent lack of reports may be due to the fact that gelderived glass powders are highly porous and exhibit a great
tendency toward incipient crystallization, which normally
deteriorates their sinterability. This problem was predicted by
one of us in 1992 [16]: “Due to the intrinsic nature of gels
(high OH-content, residual carbon, high ﬁctive state), sol–gel
glasses crystallize faster than melt-derived glasses at any
temperature. Additionally, gels must be (in general) slowly
heated from room temperature to approximately half the
liquidus temperature to densify to a glass. That is a riskier
path than quenching from the liquid state because the
nucleation region is crossed on heating, allowing crystal
growth from a plethora of nuclei [16]”.
Our group has developed a bioactive 68SiO2–27CaO–5P2O5
(mol%) gel-glass powder. We previously reported that this
powder exhibits poor sinterability and maximum densiﬁcation

is only reached at temperatures above 1300 1C. The resulting
crystalline phases—cristoballite and pseudo-wollastonite—are
neither bioactive nor suitable for good mechanical properties
[17]. One solution for overcoming this problem would be to
modify the composition by including “ﬂuxing” agents such as
Na2O, B2O3, K2O or CaF2 in the gel-glass composition [18–
22]. In this regard, sintering with concurrent crystallization can
be employed to convert the gel-glass powders into dense
glass–ceramics.
Potassium oxide (K2O) belongs to the alkaline oxides group,
which, in general, acts as a glass network modiﬁer. This oxide
reduces the viscosity and, for some compositions, helps to
improve the sinterability of glass powder compacts [3].
Despite extensive studies performed on the biological performance of a companion oxide, Na2O-containing gel-glass, only
a few published studies are available on the effect of K2O on
the properties of gel-derived bioactive glasses [21–23]. It has
been reported that replacement of Na2O by K2O increases the
crystallization temperature in a SiO2–CaO–P2O5–Na2O glass
[23], and its substitution for CaO improves sinterability [21].
In addition, for many years, researchers have been trying to
incorporate ZrO2 into numerous glass and glass–ceramic compositions to beneﬁt from its (potential) toughening aptitude. Their
aims were to develop bone graft substitutes, bone cements and
bioactive materials with improved mechanical properties and
durability [24–31]. For example, inert and durable glass–ceramics
containing ZrO2 are applicable for dental restoration build-up on
a zirconia core (IPS Cosmos is a commercial example) [2,24].
Reinforced bioactive glass–ceramics by ZrO2 particles have been
studied for more than 20 years [25–31]. These materials are
usually made by sintering or melting processes, which have some
limitations. For instance, in the course of melting, zirconia often
results in an increased melting temperature and viscosity of the
liquid [24–27]. Through the sintering route, the zirconia powder
can be mixed with a glass frit, and the pressed mixture must then
be densiﬁed and crystallized. However, in this case, zirconia
particles tend to agglomerate during mixing and also increase the
sintering temperature [28–31]. Therefore, it is clear that fabrication of glasses and glass–ceramics with a high content of ZrO2 is
difﬁcult when conventional sintering or melting is employed.
The sol–gel process has been used as an alternative route to
incorporate high contents of ZrO2 in glasses, and it appears
that zirconium addition can be performed at room temperature, thus avoiding high melting and sintering temperatures
[32–37]. We have recently reported on the cell proliferation
and in vitro bioactivity of a new gel-glass powder in the
SiO2–CaO–P2O5–ZrO2 system [37]. We demonstrated that a
simple sol–gel route can be used to synthesize a bioactive
SiO2–CaO–P2O5 glass powder containing 10 mol% ZrO2. In
that article, we focused on the biological performance of the
ZrO2-containing bioactive glass and its glass–ceramic derivative powders (apatite–wollastonite–zirconia glass–ceramic). The addition of ZrO2 into the base glass composition
reduced the rate of HCA formation from one day to three
days. However, surprisingly, hydroxyapatite formed more
rapidly on the crystalline powder surface than on the glass
particles. We have demonstrated that ZrO2 can be employed
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to control the rate of apatite formation by means of its
addition to the glass. We suggested that these new powders
are potential candidates for bone graft substitutes, bone
cements and bone regeneration with the special feature of
radiopacity [37].
Herein, we were hopeful that K2O addition could lead to a
dense glass–ceramic at relatively low temperatures and uniform crystallization of ZrO2 particles could improve the
mechanical properties without losing bioactivity. Therefore,
we investigated the molecular structure, sintering, crystallization, in vitro bioactivity and mechanical properties of the
above mentioned gel-glass powder and sintered glass–ceramics
containing 10 mol% ZrO2 and 2–6 mol% K2O compared with
ZrO2- and K2O-free glasses.

3

thermal (DTA) and thermogravimetric (TG) analyses of the
starting gels. These analyses were performed in a Netzsch STA
409 PC instrument under a nitrogen atmosphere (synthetic N2)
with a gas ﬂow rate of 50 mL min  1. Typical runs involved
 6 mg of a gel sample at a rate of 10 1C min  1 from room
temperature to 1000 1C to determine the initial heat treatment
temperature and the onset of formation of the crystalline
phases. The established thermal treatment programs consisted
of heating the dry gels at 10 1C min  1, followed by an
isothermal treatment at 700 1C for 3 h to obtain glassy
powders.
2.3. Structure of the glasses
Some details of the short-range structure of the gel-derived
glasses were revealed by Fourier transform infrared spectroscopy
(FTIR), solid-state nuclear magnetic resonance (NMR) and highresolution transmission electron microscopy (HR-TEM).

2. Experimental procedures
2.1. Gel preparation
The gels were prepared by hydrolysis and polycondensation
of stoichiometric amounts of tetraethoxysilane (TEOS, Si
(OC2H5)4), triethylphosphate (TEP, OP(OC2H5)3), calcium
nitrate tetrahydrate (Ca(NO3)2  4H2O), potassium nitrate
(KNO3) and zirconium oxynitrate (ZrO(NO3)2  xH2O; x 3).
The chemical compositions of the base glass (G), sample
containing 10 mol% ZrO2 (G–Zr) and glasses containing 2–
6 mol% K2O (G–Zr–KX, X ¼ 2, 4 and 6) are listed in Table 1.
The hydrolysis of TEOS and TEP was catalyzed with a
solution of 0.1 mol L  1 HNO3 using the molar ratio
(HNO3 þ H2O)/(TEOS þ TEP) ¼ 15. Beginning with the hydrolysis of TEOS, the other reagents, viz. TEP, calcium, potassium
and zirconium nitrates, were sequentially added at 45 min
intervals, maintaining the reaction mixture under constant
stirring. Then, the sols were poured into Teﬂons tubes and
stored up for 10 days. At the end of this period, the gels were
aged for three days at 70 1C and then dried in one day at
150 1C. After completion of the drying step, the gels were
manually ground in an agate mortar to less than75 mm.
2.2. Conversion of the gels into glasses
Just after milling, individual portions containing approximately 20 g of dried gels with particle size less than 75 mm
were placed in an alumina crucible for heat treatment. The
materials were treated in an electric furnace at 700 1C under an
oxidizing atmosphere (air). The heating programs were
adapted according to the results of previous differential
Table 1
Nominal composition of the glasses in mol%.

2.3.1. Fourier transform infrared spectroscopy (FTIR)
A Shimadzu 8400S spectrometer was employed for the FTIR
analysis. The dried gel and glass powders were mixed with KBr
powder and pressed into disks suitable for FTIR measurement.
The FTIR spectra were recorded from 4000 cm  1 to 400 cm  1.
2.3.2. Nuclear magnetic resonance (NMR)
High-resolution 29Si and 31P-NMR spectra were obtained
using a Varian Unity INOVA spectrometer under a magnetic
ﬁeld of 9.4 T. For the 29Si-NMR experiments, the samples
were spun at 5 kHz in 7-mm zirconia rotors. Typical experimental parameters were: π/2-pulse durations of 3.3 μs, recycling delays of 150 s, and 600 scans were collected. For the
31
P experiments, the samples were spun at 9 kHz in 4-mm
silicon nitride rotors. Typical experimental parameters were: π/
2-pulses of 2.0 ms, recycle delays of 1000 s, and 64 signals
were collected. The chemical shift standards were a kaolinite
sample for 29Si (-91.5 ppm with respect to TMS) and 85%
phosphoric acid solution for 31P (0 ppm).
2.3.3. High-resolution transmission electron microscopy (HRTEM).
HR-TEM analyses were performed on a FEI TECNAI G2 F20
microscope equipped with energy dispersive spectroscopy (EDS)
for chemical analysis. The TEM specimens were prepared by
putting one drop of 0.1% dispersed glass powders (o10 mm) in
acetone onto a TEM grid covered with carbon ﬁlm and
evaporating the solvent completely at room temperature.
2.4. Sintering and crystallization

Sample

SiO2

CaO

P2O5

ZrO2

K2O

G
G–Zr
G–Zr–2K
G–Zr–4K
G–Zr–6K

68
61.2
61.2
61.2
61.2

27
24.3
22.3
20.3
18.3

5
4.5
4.5
4.5
4.5

–
10
10
10
10

–
–
2
4
6

The sintering and crystallization kinetics of the gel-glasses
were evaluated by hot stage microscopy (HSM), differential
scanning calorimetry (DSC) and X-ray diffraction (XRD).
Based on the HSM and DSC results, isothermal heat treatments at different temperatures were designed to sinter and
crystallize the glass powder compacts.
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2.4.1. Hot stage microscopy (HSM)
To identify the optimal temperature for sintering, the glasses
were analyzed using a heating microscope (Misura HSM
ODHT – Expert System Solutions). First, 30 mg of glass
powder was manually pressed into a stainless steel mold at
25 MPa for 5 min. The sample (3 mm height  3.2 mm diameter) was placed on an alumina plaque and inserted inside the
furnace. The measurement was performed at 10 1C/min up to
1400 1C. In the heating microscope, a light source was
projected onto the sample, and a digital camera was used to
capture the dimensional changes of its shadow.
2.4.2. Differential scanning calorimetry (DSC)
Differential scanning calorimetry tests were performed using
a Netzsch DSC 404 instrument from 30 to 1100 1C at a rate of
10 1C min  1 under air. For these experiments, 10 mg of glass
for all the samples was placed in a covered platinum crucible.
2.4.3. X-ray diffraction (XRD)
Determination of the crystalline phases resulting from the
heat treatments of glass samples was performed by XRD. We
used a Rigaku Ultima IV X-ray diffractometer operating with
CuKα radiation (λ ¼ 0.15418 nm). The diffraction patterns were
obtained in the 2θ range from 151 to 801 in continuous mode at
0.021/min.
The crystallized volume fractions, IC, of the polycrystalline
samples were roughly estimated using the procedure suggested
by Krimm and Tobolsky [38]. IC was estimated using the ratio
of the crystalline area (AC) of the peaks of the X-ray pattern of
the polycrystalline specimens and the total area (AT ¼ crystalline þ amorphous) of the same pattern using the following
equation [38]:
 
AC
IC ¼
 100:
ð1Þ
AT

2.4.4. Isothermal heat treatments
The sintering and crystallization behavior was followed by
ﬁring glass pellets at various temperatures and calculating their
relative density. Glass powder pellets (10 mm diameter and
3 mm high) were obtained by compacting 0.25 g of the
powders in an uniaxial press at 65 MPa for 5 min. Then, the
pellets were heated to sintering temperatures of 850, 950,
1000, 1100, 1200, and 1300 1C at a heating rate of 10 1C/min.
Their relative densities were determined to follow the densiﬁcation process. At least 5 specimens were used for each
composition. The Archimedes method (immersion in water)
was used to calculate the bulk density of the sintered compacts
[39]. The true densities of the samples were estimated using a
He displacement pycnometer (Quantachrome, Ultrapycnometer 1000), after crushing and milling the samples below
45 mm. The bulk density was divided by the true density to
calculate the relative density using the following equation [39]:
ρ
ρr ¼ b ;
ð2Þ
ρt

where ρb is the bulk density,ρt is the true density and ρr is the
relative density.
2.5. Microstructural observations
Scanning and high-resolution transmission electron microscopy (STEM and HR-TEM) as well as scanning electron
microscopy (SEM) were performed to observe the shape and
size of crystalline phases within the matrix of sintered glass–
ceramics.
TEM was performed on a FEI TECNAI G2 F20 microscope
equipped with energy dispersive spectroscopy (EDS) for
chemical analysis. The sample was prepared by placing one
drop of 0.1 wt% dispersed glass–ceramic powders (o 10 mm)
in acetone onto a TEM grid covered with carbon ﬁlm and
evaporating the solvent completely at room temperature.
Microstructural observations were performed using an FEI
Magellan 400L electron scanning microscope coupled with an
EDS analysis system. The experiments were performed on
polished surfaces of the sintered samples etched for 40 s in a
HF solution (1 wt%) and rinsed with acetone in an ultrasonic
cleaner, dried and then coated by a thin ﬁlm of gold for 1 min
in a Quorum Q 150R machine.
2.6. Mechanical properties
Sintered and polished rectangular bars (2 mm  4 mm  30
mm) were used for three-point bending strength and fracture
toughness measurements. These experiments were conducted
in air at room temperature using an Instron Universal testing
machine with a crosshead speed of 0.1 mm/min and a 20 mm
span length between supports. At least ﬁve specimens were
tested for each series of compositions based on the procedures
described in the following subsections.
2.6.1. Three-point bending strength
The three-point bending strength (3-PBS) was calculated
using the following formula:
3 PBS ¼

3FL
;
2bd 2

ð3Þ

where F is the fracture force and b, d and L are the width,
thickness and span length between supports (20 mm),
respectively.
2.6.2. Fracture toughness
The fracture toughness was measured using two methods.
First, the value was estimated using the microindentation
method using Niihara's equation [40, 41]:
 c  3=2
g
K IC ¼ ðHa1=2 Þ
;
ð4Þ
ϕ
a
where g=0.48 and ϕ=3 are constants, H is the Vickers
microhardness, a is the average value of the indentation halfdiagonal, and c is the average value of the crack lengths
measured from the center of each indent. At least 10
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indentations were performed to calculate the average values for
a and c in the polished specimens.
Then, the fracture toughness (KIC) was measured for each
sintered composition using the standard single-edge notch
bending (SENB) technique [42,43]. For this test, the notch
of a specimen was machined with a  0.15 mm thick diamond
saw disk. The saw depth was nearly half the width of the
specimen. The specimens were fractured in a three-point
bending ﬁxture. The two halves of the broken specimens were
used for the notch depth measurement under an optical
microscope. The depth used was the average of ﬁve values
at three locations of the notch: the middle and two sides of
each section. The fracture toughness was calculated using the
following formulas [42,43]:
F c L a
K IC ¼
f
d b3=2 b
f

a
b

¼

3ða=bÞ1=2 ½1:99 ða=bÞð1 a=bÞ  ð2:15 3:93a=bþ 2:7a2 =b2 Þ
2ð1 þ 2a=bÞð1 a=bÞ3=2

;

5

glass powder (0.25 g) was used to form the pellets for all the
samples. Because the shrinkage and size of the pellets after
sintering was different for each glass composition, the volume
of SBF used in each bioactivity test was calculated according to
the geometric area of each type of sample according to the
procedure described by Kokubo et al. [44]:
Sa
Vs ¼
;
ð6Þ
10
where Vs represents the volume of the SBF (mL) and Sa
represents the total geometric area of the sample (mm2).
During the test, the samples were kept in contact with the
SBF for 1, 3, 5, 7, 14 and 21 days, and the system temperature
was maintained at 37 1C. After the time required for testing,
each sample was removed from its bottle and immersed in
acetone for 20 s for removal of the solution and to halt surface
reactions. After drying, both sample surfaces were analyzed by
FTIR and SEM to check for the formation of a superﬁcial
hydroxycarbonate apatite (HCA) layer.

ð5Þ
where Fc is the fracture force, d is the specimen thickness, b is
the specimen width, L is the span length between supports
(20 mm), a is the notch depth, and f(a/b) is the stress intensity
shape factor for brittle materials, which is calculated using the
a and b values.
2.6.3. Microhardness
A Vickers microhardness tester (Equilams) with a diamond
pyramid indenter was used to measure the microhardness. The
load was 500 g, and the loading time was 30 s. The hardness
data were determined using at least ten indentations on each
polished specimen.
2.7. In vitro bioactivity
To evaluate the bioactivity of the synthesized materials,
in vitro tests were performed according to the method
described by Kokubo et al. [44]. The simulated body ﬂuid
(SBF) used in this study was acellular and protein-free with a
pH of 7.40. Table 2 lists the contents of this solution [44].
The in vitro bioactivity test was performed on sintered pellets
with  7–10 mm diameters and  2 mm heights. Shortly after
sintering, each pellet was ﬁxed along its circumference by a
nylon string to allow suspension in the SBF. The samples were
ﬁrst cleaned for 15 s in acetone and, after drying, were soaked in
a polyethylene bottle containing the SBF. The same mass of
Table 2
Ionic concentration of SBF used for evaluation of in vitro bioactivity [44,45].
Simulated body
ﬂuid (SBF)

Ionic concentration(mmol L  1)

ISO 23317 (June Na þ K þ Mg2 þ Ca2 þ Cl  HCO3 HPO24  SO24 
2007)
SBFa
142.0 5.0 1.5
2.5
147.8 4.2
1.0
0.5
a

Buffer: tris(hydroxymethyl)aminomethane (TRIS).

2.7.1. FTIR analysis after bioactivity test
Monitoring of the pellet surface modiﬁcations after the
in vitro bioactivity tests was performed via FTIR using a
Bruker Tensor 27 spectrometer operating in reﬂectance mode
with a 4 cm  1 resolution in the 4000–400 cm  1 region.
2.7.2. Surface observations by SEM
Morphological characterization of the pellets with respect to
the surface modiﬁcations after the in vitro bioactivity test was
performed using SEM. A set of samples was selected and
analyzed before and after soaking in SBF at various testing
times. The samples were coated with a thin gold layer and
analyzed under a FEI Inspect S50 microscope coupled with an
energy dispersive X-ray spectroscopic analysis system (EDS),
which aided surface characterization through qualitative chemical analysis.
2.7.3. pH measurement
Immediately after removal of the samples from the SBF, the pH
of the medium was measured at least for three series of the test.
3. Results and discussions
3.1. Vitriﬁcation of the dried gels
It is well documented that upon sufﬁcient heat treatment of
dried gels, the volatile ingredients and sub-products resulting
from the sol–gel processing can be eliminated, and the gel can
be converted into a glass; however, in most cases, crystallization occurs (and crystallization must be avoided to obtain a
glass) [6–14]. To understand this process, simultaneous DTA/
TG and XRD analyses were performed to identify the critical
temperatures for converting the dried gels into glasses. The
results of the DTA-TG analyses of the dried gels are presented
in Fig. 1a–e.
Our gels underwent three distinct mass losses and become
practically stable at approximately 700 1C. The ﬁrst mass loss
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Fig. 1. DTA and TG curves for dried gels.

step occurred at  25–100 1C and is associated with the
endothermic process of desorption of physically adsorbed
water and alcohol at  70–80 1C [14–17,37]. The second
mass loss step occurred near 250 1C and is related to the
volatilization of water, an endothermic chemical desorption
process. The third mass loss stage was more pronounced. This
stage is attributed to the evolution of the resulting sub-products

from incomplete condensation of the precursors, mostly
elimination of the nitrate ions originating from Ca
(NO3)2  4H2O, KNO3 and ZrO(NO3)2  XH2O [17,37]. Further
weight loss due to the nitrate decomposition in the sample
containing Zr could be related to the substitution of zirconium
oxynitrate for TEOS and TEP (when Zr-oxynitrate replaces
TEOS and TEP, additional weight loss of nitrate is observed).
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However, it is clear that substitution of KNO3 for Ca(NO3)2
results in less mass loss in the third stage (from 20% to
 18%) because of the one mole decrease in the nitrate
content. The exothermic peaks located between 850 1C and
950 1C are associated with the onset of crystallization.
Based on the DTA and TG analyses, the stabilization
temperature used here to convert the dried gels into glasses
was set at 700 1C. Treatment for 3 h was considered sufﬁcient
for complete elimination of the nitrate ions. Furthermore, this
condition also allowed the possibility of obtaining glassy
materials because crystallization was only observed in DTA
runs between  850 and 950 1C.
According to the X-ray diffractograms presented in Fig. 2,
all the samples appear to be non-crystalline. However, the
diffraction pattern of sample G exhibits one reﬂection centered
at 2θ ¼ 321. A very weak peak also appears for G–Zr. This
peak can be attributed to apatite, which will be conﬁrmed by
NMR and HR-TEM analyses in the next section.
3.2. Structure of the glasses
To elucidate the properties of the glasses, it is fundamental to
have a good understanding of their structure. For example, in
most cases, the structure of silicate-based bioactive glasses
consists of a covalent-bonded network of SiO2, which is the
main network former, together with P2O5. Both [SiO4]4 and
[PO4]3 tetrahedral units are covalently bonded through bridging
oxygen atoms at the corners. CaO, Na2O and K2O are network
modiﬁers. Ca2 þ , Na þ and K þ cations disrupt the covalent
network and produce non-bridging oxygen atoms. Whereas
network formers provide stability, network modiﬁers increase
the glass reactivity and, therefore, the bioactivity [2,3].
In sol–gel glasses, especially in the SiO2–CaO–P2O5 system,
the tetrahedral [SiO4]4 units condensate as connected branches
of 3 or more [SiO4]4 membered rings, depending on the
stabilization temperature [8,46–48]. CaO is a network modiﬁer
[46–48]. The role of P2O5 in these glasses is more complex [49].
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Fig. 2. XRD patterns of glasses heat-treated at 700 1C for 3 h.
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In fact, amounts over 10 mol% of this component lead to nonbioactive compositions [50], whereas some P2O5-free SiO2-CaO
sol–gel glasses are bioactive [51,52]. It has been demonstrated by
high-resolution transmission electron microscopy (HR-TEM) and
solid 31P-nuclear magnetic resonance (NMR) spectroscopy that
orthophosphate nano-crystals appear after conversion of the gel to
glass in SiO2–CaO–P2O5 glasses [8,53–55]. These non-soluble
segregated nano-crystals normally decrease the Ca–H þ ionic
exchange but facilitate hydroxyapatite (HA) formation because a
new amorphous calcium phosphate is previously formed on the
glass surface [53–55]. As brieﬂy described above, the structure of
gel-derived SiO2–CaO–P2O5 has been investigated previously.
Therefore, hereafter, we intend to reveal the consequence of ZrO2
and K2O addition on the structure of these glasses.
The FTIR spectra obtained from dried gels and glasses are
presented in Fig. 3a and b, respectively. For the dried gels
(Fig. 3a), the high-frequency broad band at approximately
3400 cm  1 is due to the symmetric stretching of the OH
group. The band at  1600 cm  1 is assigned to the deformation vibration of the H–O–H bond. There is another band at
 1384 cm  1, which is attributed to the NO3 groups' vibration. The absorption bands at approximately 1200, 1060, 800
and 460 cm  1 are all characterized by silicon-oxygen bonds.
The bands at 1200 and 1060 cm  1 are assigned to the LO and
TO modes of the Si–O–Si asymmetric bond stretching vibration, respectively. The bands at 800 cm  1 and 460 cm  1 are
associated with Si–O–Si symmetric stretching and bending
vibrations, respectively. The fact that these absorption bands
appear in the gels dried at low temperature (150 1C) conﬁrms
the formation of the silicon-oxygen anionic network structure
in the gels. The transmittance at 950 cm  1, the intensity of
which signiﬁcantly increases (absorbance decreases) with the
addition of ZrO2, is associated with the vibration of Si–NBO
bonds (NBO ¼ non-bridging oxygen). Two weak bands at
approximately 740 and 790 cm  1 are associated with the
vibration of single or double bonds of P–O in the [PO4]3 
group [8–15]. When ZrO2 is added to the base gel, one clear
distinction appeared in the FTIR spectra, and the intensity for
Si–NBO considerably decreased. There are no notable changes
in the FTIR spectra of the dried gels as a result of the addition
of K2O.
The FTIR spectra for the glasses (obtained by heating dried
gels at 700 1C for 3 h) are presented in Fig. 3b. Similar to the
dried gels, the 3400 cm  1 and 1600 cm  1 vibration bands are
attributed to H–O–H and O–H bonds, respectively. The band at
 1384 cm  1 attributed to the NO3 groups disappeared in the
glasses because of the decomposition of nitrate groups after
stabilization. Additionally, four spectra are characterized by the
presence of bands at approximately 1200, 1060, 800 and
460 cm  1, which are associated with stretching vibration and
bending vibration of Si–O–Si bonds. The double peaks at 570
and 600 cm  1 are associated with the P–O bending mode related
to the presence of crystalline phosphate in the glass [8–15].
By comparing the FTIR spectra of the glasses, three main
differences were identiﬁed. First, it appears that ZrO2
diminishes the intensity of the Si–NBO band at  950 cm  1
with broadening of the 1060 cm  1 (Si–O–Si) band. Second,
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be caused by the increased content of alkaline modiﬁers, e.g.,
K þ with lower ionic ﬁeld strength than Ca2 þ [56].
To further elucidate the structure of the glasses and better
understand the role of ZrO2 incorporation, 29Si-NMR and 31PNMR analyses were also performed on selected samples. The
29
Si-NMR spectra from glasses G and G–Zr and samples
containing 2 and 6 mol% K2O are presented in Fig. 4a. These
spectra reveal well-resolved resonances from Q4 and Q3
tetrahedra in addition to partially resolved Q2 and Q1. The
Gaussian least-square ﬁttings to these spectra yield the silicon
fractions IðQn Þ for these species, as shown in Table 3 along
with 29Si isotropic shifts. The average number of Si–O–Si
bridges per tetrahedron (BO), which quantiﬁes the degree of
Si–O–Si connectivity of a silicate network, was calculated
based on these silicon fractions using the following expression:
BO ¼

4
X

n IðQn Þ:

ð7Þ

n¼1
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Fig. 3. FTIR spectra of (a) dried gels and (b) glasses.

no P–O vibration due to the presence of crystalline phosphate
was observed in the zirconium containing glasses. Finally, the
potassium addition shifted the Si–O–Si vibration bands to
lower wavenumbers (lower energy). IR frequency shifting of
the bridging oxygen stretching vibration Si–O–Si is known to

For the sample G–Zr–6K, the overlap between the resonances precludes any quantitative analysis of the spectrum. For
glasses containing K2O, there is a systematic shift of the
resonances to higher frequencies. This trend can be observed
even in the less resolved spectrum of G–Zr–6K through the
variation of the average isotropic shift of the spectra observed
in Table 3. These 29Si deviations are consistent with similar
observations reported in the literature [57] and can be
explained by the incorporation of K þ at the expense of
Ca2 þ interacting with a non-bridging O in these glasses. As
K þ has a smaller ionic potential compared with Ca2 þ , the
isotropic shifts of Qn groups with non-bridging oxygens
(NBOs) coordinated to K þ will have higher resonance
frequencies than similar groups with all the NBOs coordinated
with Ca2 þ [57]. This effect was also identiﬁed by FTIR
spectroscopy, where the Si–O–Si stretching vibration bands
shifted to lower wavenumbers with the addition of K. Therefore, the expected role of K þ as a modiﬁer was conﬁrmed.
The comparison of the population of Qn species and the
average number of bridging oxygens per tetrahedron between
glasses G and G–Zr indicates a decrease in the average
connectivity of the Si–O–Si network in the glass containing
ZrO2. This result indicates that Zr4 þ ions are at least partially
entering the glass network.
Because we observed a clear difference in the intensity of
Si–NBO in the FTIR spectra of the dried gels G and G–Zr
(Fig. 3a), we decided to perform a 29Si-NMR analysis of the
dried gels as well. The 29Si-NMR spectra of the dried gels G
and G–Zr are presented in Fig. 4b. The relative intensity of the
Qn species, average numbers of Si–O–Si bridging oxygens and
average chemical shifts are presented in Table 3.
Upon heating the dried gels at 700 1C, the average connectivity of the silicate network decreases from 3.6 to 3.3 for G
(the conversion of the dried gel G to glass G) and from 3.5 to
3.0 for G–Zr (the conversion of the dried gel G–Zr to glass G–
Zr). This behavior is due to the well-known role of calcium as
a modiﬁer in gel-derived glasses, as conﬁrmed by Lin et al.
[47]. These researchers demonstrated that Ca is incorporated
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into the network after decomposition of calcium nitrate at
temperatures above 400 1C, which signiﬁcantly decreases the
silica network connectivity [47].
It is also evident from Fig. 4a and b as well as Table 3 that
Zr incorporation decreases the Si–O–Si connectivity of both
gels and glasses, whereas the role of K and Ca as modiﬁers is

P-NMR spectra of glasses. Dotted lines: least-square ﬁtings.

31

clear. Two hypotheses, described below, are expected for the
role of Zr:
(i). Zr as modiﬁer: as the O/Si ratio in glass G–Zr increases
with respect to G, there could be some breakage of Si–O–
Si bridges leading to smaller average connectivity of the
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Table 3
Fractions of silicon species Qn in our glasses obtained from least-square ﬁttings of the 29Si-NMR spectra. Estimated uncertainty: 7 10%. BO: average number of
bridging oxygen per silicate tetrahedron. δ and I represent the 29Si chemical shift and relative intensity. δCG: average isotropic chemical shift of the 29Si-NMR
spectra.
Sample

Glass G
Glass G–Zr
Glass G–Zr–2K
a
Glass G–Zr–6K
Dried Gel G
Dried Gel G–Zr

Q4

Q3

Q2

Q1

I

δ(ppm)

I

δ(ppm)

I

δ(ppm)

I

δ(ppm)

0.56
0.36
0.33
–
0.67
0.61

 106.7
 106.0
 105.0

0.27
0.34
0.40
–
0.25
0.27

 96.6
 96.5
 95.2

0.11
0.23
0.22
–
(0.08)b
(0.12)b

88.1
87.4
85.2

0.06
0.07
0.05
–



 76.9
 76.6
 72.6

 107.2
 106.0

 98.6
 97.2

91.2
89.6


 81.7

BO

δCG (ppm)

3.3
3.0
3.0
–
(3.6)c
(3.5) c

99.9
96.2
94.8
93.6
103.9
101.6

a

Deconvolution was not possible due to lack of resolution of the Qn resonances.
Q2 þ Q1.
c
Less reliable, due to poor separation of Q2 and Q1.
b

silicate network. This phenomenon leads to a decrease of
BO and an increase of NBO. However, we observed a
signiﬁcant reduction in the number of NBOs in the FTIR
spectra of the dried gels after the incorporation of Zr. This
reduction was also visible in the FTIR spectra of the
glasses, but with lower resolution. Therefore, this observation questions the role of Zr as a modiﬁer.
(ii). Zr as glass former: Zr may indeed act as a glass former
with [ZrO4]4  units occupying some positions of
[SiO4]4  tetrahedra. The amount of shift of the 29Si
resonance for a given tetrahedron due to each covalent Si–
O–Zr bridge is positive [58] and is below 5 ppm (which is
also the well-known shift caused by, e.g., a Si–O–Al
bridge: almost half the separation of Qn and Qn  1)
[57,58]. Therefore, it is not likely that, for example, the
resonance of a Q4 with one Si–O–Zr bridge might fall
over a Q3 resonance; however, this scenario may occur for
a Q4 resonance with two Si–O–Zr. Therefore, the number
of Q4 decreases in favor of an apparent increase in Q3.
However, we cannot identify with certainty the occurrence
of this process from the spectra because of the broadening
of the resonances. It is not possible to predict how these
[ZrO4]4  substitutions will affect the ﬁtted areas for
nominal Q4 or Q3. There is also the possibility that
[ZrO4]4  will bond to Q1, Q2 or Q3, linking two or more
[SiO4]4  , without perturbing the average number of BOs
of the Si–O–Si network. In this case, the apparent
connectivity of the silicate network would be invariant.

Therefore, we cannot ﬁnd strong evidence for or against the
role of Zr as a network former based on the NMR analysis.
However, it would be more consistent to consider Zr as a glass
former because the FTIR analysis shows that Zr addition
decreases the average number of non-bridging oxygens.
Additionally, we have demonstrated that in our glasses, Zr
leads to a very low solubility in SBF, indicating its stabilization of the glass structure [37].
The role of Zr as a network former has been demonstrated
by numerous scientists, e.g., [59,60], who worked on the

synthesis and characterization of SiO2–ZrO2 refractory materials using the sol–gel method. These researchers demonstrated
that Zr ions are indeed incorporated into the silica network
[58–60].
Fig. 4c present the 31P-NMR spectra for glasses G, G–Zr,
G–Zr–2K and G–Zr–6K. Glass G exhibits a spectrum composed of two overlapping components: a broad one centered at
2.5 ppm and a narrower Lorentz-like component centered at
2.8 ppm. According to the central chemical shift of these
resonances, they can be attributed to Q0 tetrahedra interacting
with Ca2 þ . Lorentz-like line-shapes for the NMR resonances
are not expected in glasses but in crystalline materials. Therefore, it can be concluded that glass G exhibits some degree of
crystallization of a Ca-phosphate phase, conﬁrmed by FTIR
(Fig. 3b). The XRD pattern reveals a very small peak at
2θ ¼ 321 (Fig. 2), and a small piece of glass after heat treatment
at 700 1C is white and opaque.
The 31P chemical shift of the narrow resonance line agrees
with the value observed for apatite (2.9–3.3 ppm) [61]. The
presence of apatite was also observed in an HR-TEM image.
Fig. 5 presents the HR-TEM image obtained from sample G
after a 3 h heat treatment at 700 1C. This image reveals two dspaces at 0.28 and 0.21 nm, which can be assigned to (211)
and (302) reﬂections of an apatite crystal, respectively.
Fig. 4c also presents the 31P-NMR spectra for glasses
containing Zr. The spectrum for glass G–Zr reveals a main
resonance, with a maximum at 1.7 ppm. This chemical shift
can be attributed to Q0 groups associated with Ca2 þ . The lowfrequency shoulder of the spectrum indicates the presence of
some Q1 groups associated with Ca2 þ and/or Q0 associated
with Zr4 þ . The substitution of Zr4 þ ions for Ca2 þ near the
[PO4]3  units may diminish the afﬁnity for apatite formation.
In other words, Zr4 þ with a higher ionic ﬁeld strength will
interact with the phosphate group and push the Ca2 þ aside,
which is the main cause stopping apatite formation and
obtaining completely amorphous glasses in samples containing
ZrO2. The amorphous nature of these glasses was previously
demonstrated by XRD and FTIR analyses (Figs. 2 and 3b).
The spectra (Fig. 4c) for G–Zr–2K and G–Zr–6K are similar
to that of G–Zr, with only a slight shift to higher frequencies
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Fig. 5. HR-TEM image of sample G after 3 h heat treatment at 700 1C.

(with a maximum at 2.2 ppm for sample G–Zr–6K), indicating
the presence of K þ near some of the Q0 and Q1 phosphates.
The resonances appear narrower, an effect that is also expected
if K þ , with a smaller ionic potential, is replacing some Ca2 þ
or Zr4 þ associated with non-bridging oxygens from the
phosphate groups.
3.3. Sintering and crystallization
The shrinkage of the glass powder compacts with increasing
temperature obtained by hot stage microscope is shown in
Fig. 6a. Rapid shrinkage started for all the compositions at
approximately 800 1C and stagnated at approximately 950 1C,
930 1C, 895 1C, 880 1C and 857 1C for glasses G, G–Zr, G–
Zr–2K, G–Zr–4K and G–Zr–6K, respectively. Glasses G and
G–Zr started to shrink again after 1050 1C and 1300 1C,
respectively, up to the end of the thermal cycle. The glasses
that contained K2O continued to shrink after a very short
stagnant interval ( 70 1C) and reached their maximum
shrinkage at approximately 1100 1C, 1090 1C and 1050 1C
for G–Zr–2K, G–Zr–4K and G–Zr–6K, respectively. Then,
these samples slightly expanded and ﬁnally softened into a
spherical shape.
Fig. 6b presents the DSC curves of all the glasses. In this
Figure, the crystallization temperatures are illustrated. A
comparison between the HSM and DSC curves reveals that
the temperatures at which the shrinkage became stagnant
correspond to the crystallization temperatures. Therefore, it is
apparent that crystallization stops the (viscous) sintering
progress. This effect is more evident for samples G and G–
Zr, which exhibit sharp crystallization peaks between 920 and
1030 1C. However, the K2O-containing samples are more
resistant to devitriﬁcation and achieve their maximum shrinkage before the softening points.
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The relative densities of the samples isothermally sintered at
various temperatures for 3 h are shown in Fig. 6c. The changes
in the relative density are very similar to the shrinkage
variations. Samples G and G–Zr reached their maximum
density at around 1300 1C. However, samples G–Zr–2k, G–
Zr–4K and G–Zr–3K almost reached their highest densities at
1050 1C, 1025 1C and 1000 1C, respectively.
It is clear that substitution of K2O for CaO in sample G–Zr
considerably improved its sinterability. The maximum density
for sample G–Zr at 1300 1C was approximately 87%, whereas
the addition of only 2 mol% K2O increased it up to 94% at a
much lower temperature (1050 1C). The DSC curves reveal
that the K2O addition reduces the tendency of crystallization
such that the sample with 6 mol% K2O does not exhibit a
distinct crystallization peak.
Fig. 7a and b present the XRD patterns of samples G and G–
Zr heat treated at various temperatures, respectively. Sample G
exhibits one reﬂection centered at 2θ ¼ 321 that corresponds to
the crystallization of apatite at 850 1C. This sample heated
between 950 1C and 1200 1C revealed maxima that matched to
β-wollastonite and apatite. At 1300 1C, the wollastonite
transformed to pseudo-wollastonite, and a sharp maximum
appeared at 2θ¼ 221, which was attributed to cristobalite.
The XRD pattern of sample G–Zr (Fig. 7b) at 850 1C is
characteristic of an amorphous material, and no crystalline
phases were detected. The sample heated between 950 1C and
1000 1C contained apatite, wollastonite and tetragonal-zirconia
phases. Upon heat treatment at higher temperatures (1100 1C
and 1200 1C), the zirconia and wollastonite gradually transformed into zirconium silicate (zircon) and pseudo-wollastonite, respectively. Finally, cristobalite appeared at 1300 1C.
Fig. 7-c presents the XRD patterns of sintered samples with
various K2O contents. Theses samples remained almost amorphous up to 850 1C. After sintering at 1050 1C and 1025 1C, the
apatite–zirconia crystallized in samples G–Zr–2K and G–Zr–4K,
respectively. However, the apatite was the only phase appearing
in sample G–Zr–6K after heat treatment at 1000 1C.
A comparison between the DSC (Fig. 6) and XRD (Fig. 7)
results indicates that the exothermic peaks observed in the
DSC traces at approximately 930 1C and 1027 1C for samples
G and G–Zr are related to the crystallization of apatite and
zirconia, respectively. The very small crystallization peak
appearing in the DSC curves of samples containing K2O is
related to the crystallization of apatite. Additionally, it appears
that K2O addition signiﬁcantly postpones the crystallization of
apatite in a manner that at 1000 1C, only a small amount of
apatite crystallized in G–Zr–6K.
3.4. Microstructure
The HR-TEM images obtained from glasses G and G–Zr
sintered at 1000 1C for 3 h are presented in Fig. 8a and b,
respectively. These images reveal a glassy matrix containing
crystalline domains. The size of the crystalline spheres in
sample G is around 70 nm, with an interplanar spacing close to
0.21 nm. The crystalline size in sample G–Zr is smaller
( 5 nm), and two d-values of 0.21 nm and 0.25 nm are
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Fig. 6. (a) Reduction in sample length (shrinkage) versus temperature, (b) DSC curves for glasses showing the crystallization temperatures and (c) relative density
of samples sintered at different temperatures.

observed. The d-value of 0.21 nm in both samples can be
attributed to (302) planes of nanocrystalline apatite, which
were also observed in the base glass heated at 700 1C (Fig. 5).
The d-spacing of 0.25 nm may be related to the presence of
nanocrystalline zirconia, which exhibits a reﬂection at
2θ ¼ 35.61 with a d-value of 0.25 nm corresponding to (200)
planes (JCPDS 2-0733).
A scanning transmission electron microscope image captured near the edge of the G–Zr glass–ceramic powder particles
is presented in Fig. 9. In this image, dark spherical particles are
distributed in a bright matrix. The EDS analysis performed on
these particles (point 1) revealed the presence of Zr, Si and Ca.

However, the matrix (point 2) is rich in Si, P and Ca. It appears
that these spherical particles with an average size of 20–30 nm
are zirconia particles.
Back-scattered SEM micrographs of the sintered specimens
containing 2–6 mol% K2O etched with 1 wt% HF solution for
40 s are presented in Fig. 10a–f. The microstructure of these
samples consists of a black and gray matrix. The HF acid attacks
the silica-rich glassy regions and dissolves them, leaving a black
area. The gray areas, which are very similar to the dendritic
growth of a crystalline phase, can be attributed to the presence of
apatite or a Ca/P-rich region. In the G–Zr–2K and G–Zr–4K
glass–ceramics, white and very ﬁne spherical particles were
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Fig. 7. XRD patterns of samples (a) G, (b) G–Zr and (C) containing K2O heat
treated in various temperatures for 3 h.
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detected (Fig. 10b and d). These particles are uniformly dispersed
in the matrix and have average particle sizes of  55–65 nm. The
brighter particles in the back-scattered SEM image conﬁrm the
presence of a heavy element such as zirconium, which backscatters electrons stronger than light elements such as Si, Ca, P
and K. Therefore, these particles can be considered to be zirconia,
and its crystallization was conﬁrmed previously by XRD and
DSC. The amount of zirconia crystals in the G–Zr–2K sample is
higher than that in the G–Zr–4K sample. Finally, there is no
evidence of crystallization of zirconia in the G–Zr–6K glass–
ceramic. Additionally, more signiﬁcant dissolution of the glassy
matrix in HF etchant can be observed, indicating a higher content
of the glassy phase in this sample.
3.5. Mechanical properties
Based on the sintering and crystallization behavior of the
investigated glasses, some sintered samples were selected for
evaluation of the mechanical and biological properties. For
compositions G and G–Zr, maximum densiﬁcation was only
achieved at approximately 1300 1C. Zirconia started to react
with the residual glass at 1100 1C, and zirconium silicate
(zircon) was formed (Fig. 7b). Cristobalite appeared in these
samples at approximately 1100 1C. At 1300 1C, apatite,
pseudo-wollastonite, zirconium silicate (zircon) and cristobalite were identiﬁed (Fig. 7a and b).
Zirconium silicate is insoluble in aqueous media similar to
ZrO2 [24–30]. Wollastonite is soluble and bioactive; however,
its high-temperature polymorph pseudo-wollastonite is less
soluble [62–64]. Cristobalite leads to matrix cracking during
cooling and degradation of bioactivity [14,15,62,63]. It seems
that these “inert” phases are neither good for bioactivity nor for
mechanical properties. In addition, densiﬁcation for sample G–
Zr almost stopped at around 1000 1C because of crystallization
(Fig. 6c). Therefore, we decided to focus on samples G and G–
Zr, which were sintered at 1000 1C for further investigation.
Although these specimens were not fully densiﬁed, they
contained suitable crystalline phases, such as apatite, wollastonite and nano-sized tetragonal zirconia, which, in principle,
could improve the bioactivity and, simultaneously, the
mechanical properties. The glass–ceramics G–Zr–2K, G–Zr–
4K and G–Zr–6K sintered at 1050 1C, 1025 1C and 1000 1C,
respectively, were also selected. These samples contained
apatite and nano-sized zirconia crystals (Fig. 10).
The mechanical properties, relative density and crystalline
volume fraction of the sintered specimens are summarized in
Table 4. G and G–Zr sintered to almost 82% and 78% of their
true density, respectively. Samples G–Zr–2K, G–Zr–4K and
G–Zr–6K showed the maximum relative densities of 94%,
91% and 90%, respectively.
The crystal volume fraction in sample G–Zr was the highest.
K2O addition retarded crystallization and increased the amount
of residual glass.
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Fig. 8. HR-TEM images obtained from the glass–ceramic powders G and G–Zr ( o10 mm) heat treated at 1000 1C for 3 h.

Fig. 9. Scanning electron transmission microscope image obtained from the glass–ceramic G–Zr sintered at 1000 1C for 3 h.
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Fig. 10. Back-scattered SEM images of (a and b) G–Zr–2K sintered at 1050 1C, (c and d) G–Zr–4K sintered at 1025 1C and (e and f) G–Zr–6K sintered at 1000 1C
(samples etched with 1 wt% HF solution for 40 s).

Hardness and fracture toughness measurements were not
possible for samples G and G–Zr due to their high porosity.
However, the bending strength increased from 20 to 32 MPa
for sample G–Zr compared with the ZrO2-free base glass.

The microhardness decreased upon increasing the content of
K2O. The bending strength variations exhibited a trend similar
to those of the relative density and crystal volume fraction. The
sample G–Zr–2K, which exhibited the maximum density, also
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Table 4
Mechanical properties, relative density and crystalline volume fraction of sintered specimens.
Glass–
ceramics

Temperature Relative
(1C)
density (%)

Crystalline volume
fractiona (%)

Microhardness
(Vickers)

3P-bending
strength (MPa)

Crack
lengthb
(mm)

Indentation fracture
toughnessc (MPa m1/2)

Fracture toughnessd
(MPa m1/2)

G
G–Zr
G–Zr–2K
G–Zr–4K
G–Zr–6K

1000
1000
1050
1025
1000

4475
6377
5573
3276
1279

–
–
637741
609744
579763

2075
3276
143712
92718
57711

–
–
24 75
28 75
40 74

–
–
1.37 0.1
1.17 0.1
0.87 0.2

–
–
1.970.1
1.370.2
0.770.2

a

Estimated
Measured
c
Estimated
d
Measured
b

8271
7872
9472
9171
9071

by Krimm and Tobolsky's method.
from the corner of each indent.
using Niihara's equation.
using single edged notch bending method.

had the highest strength. It was also demonstrated in Fig. 10
that apatite and zirconia are crystallized in this sample and the
zirconia content is higher in sample G–Zr–2K than in G–Zr–
4K and G–Zr–6K.
A trend analogous to the bending strengths was observed for
the fracture toughness. G–Zr–2K showed a maximum toughness of 1.9 MPa m1/2. The value for fracture toughness
measured by the SENB method was, in general, higher than
the value obtained by the indentation method, which conﬁrms
a well-known trend [65].
The average length of the induced crack by indentation for
G–Zr–2K was the lowest among all the tested samples
( 23 mm), conﬁrming the possible highest value for its
toughness. Further K2O addition decreased the toughness.
Furthermore, increasing the K2O content in this sample
retarded the crystallization of zirconia and densiﬁcation.
Therefore, ZrO2 increases the viscosity and diminishes viscous
ﬂow, whereas ZrO2 crystallization depletes the residual glass
in Zr ions and reduces the viscosity. Therefore, it appears that
crystallization of ZrO2 in G–Zr–2K favors the sintering
progress and improves the mechanical properties.
Despite the deterioration of the sinterability and inducement
of more porosity in sample G–Zr, ZrO2 increases the average
bending strength from 20 to 32 MPa. However, there are many
other factors that can increase or decrease the bending strength,
such as the pore size, pore shape, or inherent strength of the
residual glass.
One or more of the following mechanisms could contribute
to the reinforcing effect of zirconia nano-crystals in the glass–
ceramic:
(i). Crack deﬂection by dispersion strengthening. Crack
deﬂection may occur by dispersed zirconia crystals.
Fig. 11a–c shows detailed views of polished cross
sections of sintered samples after Vickers indentation
measurements, in which the crack propagates from the
indent corners. In samples G–Zr–2K and G–Zr–4K, the
crack length is clearly shorter than that in sample G–Zr–
6K (Table 4 and Fig. 11). In sample G–Zr–6K, which
contains a high content of residual glass and no ZrO2
crystals, a straight crack propagated (Fig. 11c). However,

the crack path in samples G–Zr–2K and G–Zr–4K is not
straight and shows, to some extent, deﬂections or bowing
near the indentation corner. It should be noted that these
samples contain nano-zirconia crystals (Fig. 10a–d),
which may be responsible for this crack deﬂection or
blunting of the crack during spreading.
(ii). Transformation toughening by the t-ZrO2 phase. Several
criteria are necessary for effective transformation toughening by tetragonal ZrO2 in a ceramic matrix: (1) ZrO2
should not be dissolved by the host; (2) the particle size
of ZrO2 should be smaller than  0.5 mm; (3) the host
microstructure should be stiff enough to retain the ZrO2
particles in the unstable tetragonal form during cooling;
and (4) the amount of retained t-ZrO2 in the matrix
should be higher than 10 mol% (e.g., in a Al2O3–ZrO2
composite) [66,67]. In our study, it is not possible to
conﬁrm that the transformation toughening contributes
to the improvement of the fracture toughness. However,
it can be envisaged that transformation toughening
makes little or no contribution to the increased fracture
toughness because most of the above mentioned criteria
are not satisﬁed. The nano-zirconia crystals in the matrix
of the current glass–ceramics indeed crystallize during
heating of the gel-glass. It has been reported that
calcium has a great afﬁnity to diffuse from the residual
glass into the structure of zirconia, leading to the
crystallization of more stabilized t-ZrO2 [25,26]. We
have also detected some amounts of Ca in the ZrO2
crystals by EDS analysis performed by TEM (Fig. 9).
Additionally, the residual glass is not rigid enough to
restrain thet-ZrO2 particles. However, overall, the fracture toughness did not improve much.
(iii). Incorporation of Zr4 þ ions into the residual glass
structure was conﬁrmed by structural analysis. The
presence of Zr ions in the residual glass network, which
produce bracing by [ZrO4]4  structural units, may
represent another reinforcement mechanism. The NMR
results indicate that the average number of Si–O–Si
bridges decreases and some new bridges of Si–O–Zr
evolve. The substitution of Zr with higher ionic ﬁeld
strength may reinforce the residual glass.
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Fig. 11. Crack path induced by Vickers indentation on samples (a) G–Zr–2K, (b) G–Zr–4K and (c) G–Zr–6K.

In general, we suggest that the prevalent mechanism for
improved mechanical properties in this study is dispersion
strengthening by crack deﬂection. Homogenously dispersed
nano-zirconia crystals in sample G–Zr–2K leads to increased
strength and toughness. However, the bending fracture
strengths of G–Zr–4K and G–Zr–6K are lower and represent
only slight increases compared with the G–Zr. This result can
be attributed to the inadequate densiﬁcation and crystallization
of these samples.
3.6. In vitro bioactivity
The SEM images obtained from the surfaces of sintered
samples G, G–Zr and G–Zr–2K before and after exposure to
SBF at various testing times are presented in Fig. 12a–f.
Spherical particles of apatite can be observed on the surface of
samples G and G–Zr after 24 h of soaking in SBF. From
Fig. 12b and d, it can be concluded that the formation of HCA
in these samples is well established. On the G–Zr–2K surface,
white and very ﬁne aggregates scattered over the surface are
observed after 21 days of soaking in SBF. These ﬁne
agglomerated ﬁne particles can be attributed to the formation
of apatite nuclei. Furthermore, no noteworthy modiﬁcations

were identiﬁed on the surface of samples G–Zr–4K and G–Zr–
6K after 21 days of soaking in SBF.
The FTIR spectra from the surfaces of all the sintered
samples before and after exposure to SBF are presented in
Fig. 13a–c. Before the SBF test, the spectra of all the glass–
ceramics were characterized by the presence of two bands at
approximately 1100 cm  1 and 465 cm  1, which are associated with the asymmetric stretching vibration and bending
vibration of Si–O–Si bonds, respectively [14,15,37]. After 24 h
for sample G (Fig. 13a) and G–Zr (Fig. 13b), the obtained
spectra were similar to the synthetic hydroxycarbonate apatite
(HCA) spectrum, with changes related to the intensity of the
typical HCA bands, located near 1255 cm  1, 1130 cm  1,
1055 cm  1, 605 cm  1 and 560 cm  1 [8,14,15,23,37]. The
observed increase in the intensity and sharpness of these bands
after 3 days is associated with the higher density of the formed
HCA layer on the sample surfaces (Fig. 13a and b). The
formation of apatite was also monitored by SEM, which
conﬁrmed the formation of HCA in samples G and G–Zr after
24 h, respectively (Fig. 12). The FTIR spectra for the sample
containing 2–6 mol% K2O after 21 days of soaking in SBF did
not exhibit any noteworthy changes (Fig. 13c), conﬁrming that
no modiﬁcations occurred after soaking in SBF.
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Fig. 12. SEM micrographs from surface of samples (a–b) G, (c–d) G–Zr and (e–f) G–Zr–2K: Before and after 1 day and 21 days exposure to SBF.

The FTIR and SEM analyses conﬁrmed that the sintered
glass–ceramics G and G–Zr indeed exhibited in vitro bioactivity and lead to apatite formation after 24 h of soaking in

SBF. However, the sintered samples with various K2O
contents do not exhibit any in vitro bioactivity. The inertness
of these samples containing K2O can be attributed to their
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Fig. 13. FTIR spectra of samples G (a), G–Zr (b) and (d) samples containing K2O before and after soaking in SBF at different testing times.

surface characteristic (open porosity content), residual glass
composition and crystalline phases, which affect their solubility and, subsequently, the pH variations of the SBF.
The variations in pH versus soaking time in SBF for all the
samples are shown in Fig. 14. For the base glass–ceramic (sample
G), the pH range tended to increase throughout the test, whereas
for the sample G–Zr, the pH increased only slightly up to 48 h and
then remained practically constant. For the samples containing

K2O, the pH increased slightly after 1 day and then remained
almost constant. Keeping in mind that the pH and its variation is a
direct consequence of ions released from the sample into the SBF
solution, it can be stated that the glass–ceramic G exhibits the
highest solubility, and the samples containing K2O exhibit the
lowest solubility, thus maintaining a more stable environment.
It should be noted that samples G and G–Zr contain
approximately 18% and 22% porosity, respectively, after heat
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treatment at 1000 1C. In contrast, samples G–Zr–2K, G–Zr–4K
and G–Zr–6K heat-treated at 1050 1C, 1025 1C and 1000 1C
respectively, are more dense and present near zero open
porosity (closed porosity ¼ 1 – (relative density), and the open
porosity was measured using the water absorption method).
Samples G, G–Zr and G–Zr–2K crystallized into an apatite–
zirconia glass–ceramic, whereas samples G–Zr–4K and G–Zr–
6K were mainly amorphous. It is apparent that the amount of
open porosity and degree of crystallization play major roles in
activating the bioactivity. The glass–ceramics with high
porosity (G and G–Zr) are highly bioactive and contain one
highly soluble and bioactive phase, wollastonite [37,64].
Additionally, the crystallization of ZrO2 in the G–Zr–2K
sample encourages the bioactivity. In contrast, the samples
containing 4 and 6 mol% K2O are dense and contain low
amounts of zirconia crystals. Therefore, it appears that Zr ions
in the residual glass reduce the solubility, diminishing the
apatite-forming ability; however, the crystallization of ZrO2 is
helpful for bioactivity. This phenomenon was also observed in
our previous study, where the crystallization of zirconia
improved the bioactivity compared with the base glass containing dissolved ZrO2 [37].

4. Proposed applications
In our previous study [37], we developed a bioactive glass
and glass–ceramic powders containing 61.2SiO2–24.3CaO–
4.5P2O5–10ZrO2 (mol%) with particular features of bioactivity
and radiopacity [37]. In that study, we demonstrated that the
ZrO2–glass and glass–ceramic clearly exhibit increased osteoblast MG-63 cell proliferation [37]. Herein, we demonstrate
that partly sintered samples of this same composition are also
bioactive and show progressive formation of HCA after a
relatively short time (24 h) in SBF (this time is approximately
6 h for the gold standard 45S5 bioglass). In addition, crystallization of zirconia nano-crystals improves the mechanical
properties. Therefore, this glass composition can be used for
scaffold development or coatings on ZrO2-based or metalbased dental implants. These new applications have been

suggested recently for gel-derived ZrO2-containing glasses
[32,34,35,68,69].
The K2O-containing glasses prepared in this study exhibited
very good sinterability. The crystalline phases such as zirconia
and apatite, which appeared in these glass–ceramics, are
appropriate for biocompatibility and mechanical properties.
The glass–ceramic containing 2 mol% K2O was white and
opaque, whereas G–Zr–4K and G–Zr–6K were white and
translucent. The maximum hardness, strength and toughness
measured for sample G–Zr–2K (6% porosity) were 637 7 41
HV, 1437 12 MPa and 1.9 7 0.1 MPa m1/2, respectively. This
material is virtually inert and exhibits very low solubility in
SBF. These properties are comparable with those of IPS
Cosmos glass–ceramic, which is used for dentin build-up
on a ZrO2-based core (TZP) in dentistry [2,24]. The main
advantage of the current glasses over the existing commercial
material is that they can be developed at much lower
temperatures, and high-temperature melting can be avoided.
The glass compositions are very simple and can be sintered
and crystallized simultaneously into apatite–zirconia glass–
ceramics at 1000 1C. The zirconia nano-crystals are homogenously distributed in the matrix, which is good for mechanical performance. However, the disadvantages are that the sol–
gel process takes  10 days, and the residual 6% porosity can
lead to staining in the mouth environment.
Therefore, further investigations and improvements are
required to determine whether these new glass–ceramics can
be used for commercial applications:
(i). The gelation and aging times need to be decreased from
10 days to a few days. This reduction can be performed
by increasing the pH or reducing the water content and
must be demonstrated experimentally.
(ii). The conventional sintering-pressing method, which is
used for synthesizing commercial dental glass–ceramics,
could be employed to improve the sinterability and may
lead to a considerable improvement in the relative density
and mechanical properties.
(iii). The opacity or translucency of the glass–ceramic can be
modiﬁed by changing the K2O content or adding new
components, such as Na2O and Li2O. These new elements can be easily included in the sol–gel process using
their nitrate compounds. However, the sintering and
crystallization behavior will certainly change, which must
be evaluated.
(iv). Finally, the thermal expansion coefﬁcient should match
that of the zirconia core or the implants. This task can be
accomplished by changing the amounts of ZrO2 and K2O.

All these conditions indicate that these materials are still a
long way from market.
5. Conclusions
Apatite–zirconia glass–ceramics were developed via sintering
with concurrent crystallization of gel-derived glass powders.
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The use of the sol–gel process allowed us to incorporate a high
ZrO2 content in the glass composition, avoiding hightemperature melting.
Glass particle compacts containing 61.2SiO2–24.3CaO–
4.5P2O5–10ZrO2 (mol%) densiﬁed to only  78% of their
true density at 1000 1C. The sintered glass–ceramic was
bioactive, and apatite formed on its surface after 24 h of
soaking in SBF. Crystallization of the zirconia nano-crystals
improved the mechanical properties. This type of glass–
ceramic is proposed for scaffold development or coatings on
ZrO2-based implants.
The addition of 2–6 mol% K2O to the base glass extensively
improved the sinterability such that densiﬁcation (RD 4 90%)
was achieved near 1000 1C. Apatite-like spherical aggregates
scattered over the surface of a sample containing 2 mol% K2O
were identiﬁed after 21 days in SBF. It appears that crystallization of ZrO2 in this glass encourages bioactivity compared
with the 4–6 mol% K2O samples, in which the residual glass is
a major constituent. These nano-sized tetragonal zirconia
crystals were dispersed uniformly within the glass matrix and
improved the mechanical properties. We suggest that these
materials can be potentially used in dentistry as a restorative
build-up on ZrO2-based cores. Further development is required
for this proposed application.
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