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a  b  s  t  r  a  c  t

The  microstructure,  mechanical,  EPR  and  optical  properties  of  transparent  MnO2 doped  lithium  disilicate
(LDS)  glass–ceramics  prepared  by melt  quenching  and controlled  crystallization,  have  been studied.  The
microstructure  of  the  glass–ceramics  has  been  characterized  using  FE-SEM,  TEM,  FT-IR  and  XRD  tech-
niques.  FE-SEM  micrographs  show  elongated,  highly  interlocked,  dense  (∼80  vol.%)  nanocrystals  of LDS
with  an  average  size  ∼100  nm.  XRD  and  FT-IR  studies  reveal  that  the  only  crystalline  phase  formed  after
heat-treatment  at 700 ◦C for 1  h  is LDS.  A  good  combination  of  average  microhardness  ∼5.6  GPa,  high
fracture  toughness  ∼2.8 MPa  m1/2, 3-point  flexural  strength  ∼250  MPa  and  moderate  elastic  modulus
65  GPa  has  been  obtained.  The  EPR  spectra  of  both  LDS  glasses  and  glass–ceramics  exhibit  resonance
signals  with  effective  g values  at g  =  4.73,  g  =  4.10, g  = 3.3,  and  g = 1.98.  The  resonance  signal  at  g = 1.98
is  found  to  be  more  intense  than  the  other  signals  and  exhibits  hyperfine  structure  at  lower  concentra-
PR
ptical
echanical properties

tion  of  manganese.  From  the  observed  spectrum,  the  spin-Hamiltonian  parameters  have been  evaluated.
In glass  samples  the optical  absorption  spectrum  exhibits  a broad  band  around  ∼20,320  cm−1 which
has  been  assigned  to  the transition 6A1g(S) → 4A1g(G) 4Eg(G)-of  Mn2+ ions.  The  cerammed  samples  upon
394  nm  excitation  emit  a green  luminescence  (565  nm, 4T1g → 6A1g(G)  transition  of Mn2+ ions),  and  a
weak  red emission  (710  nm).  From  the  ultraviolet  absorption  edges,  the optical  bandgap  energies  (Eopt)

iscus
were evaluated  and are  d

. Introduction

Lithium disilicate (LDS) glass–ceramics (GC) demonstrating high
trength [1] have been produced by various techniques such
s controlled nucleation and crystallization of the base glasses
hrough heat treatment [2] and sintering technology [3].  Melt-
ng together with heat-treatment offers very good reproducibility
ompared with the alternative method based on powder pro-
essing and sintering commonly used in polycrystalline ceramics,
hich is prone to microstructural inhomogeneity [4].  Owing to

ts remarkable mechanical properties, this material is widely used
or various biomedical applications [5,3] and more recently as
ransparent armours [6]. Further, chemical strengthening by ion
xchange treatments can increase the strength of lithium dis-
licate glass–ceramics considerably so that the material can be

sed for highly stressed applications, such as posterior crowns
r inlay-retained bridges, with higher mechanical reliability [7].
uch glass–ceramics appear to be ideal for advanced armour appli-
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cations due to their low density, relatively high transparency
and fracture strength, and their thermal and chemical stability
[4]. Indeed the chemical durability of both the LDS glasses and
glass–ceramics is reported as excellent [8].  Cheng et al. [9] stud-
ied properties of LDS GC and found useful as an anodic bonding
materials. The influence of nucleating agents such as ZrO2 and
P2O5 on the crystallization and properties of LDS glass–ceramics
has been reported by various researchers [2,10–12]. The effect
of heat-treatment conditions on thermal expansion, phase dis-
tribution and mechanical properties were examined by Bengisu
and Brow [13]. Various researchers have investigated the crystal-
lization kinetics [14–16] of LDS glass–ceramics and also studied
metastable phase formation [14,15,17].  The structure of Li2O·2SiO2
(LS2) glass was investigated by Fuss et al. [18,19] as a function of
pressure and temperature, respectively, using XRD, TEM,IR, Raman
and NMR  spectroscopy. The crystallization mechanism of a high-
strength lithium disilicate glass–ceramic has been examined on
the basis of quantitative 29Si magic angle spinning (MAS) and

29Si{7Li} rotational echo double resonance (REDOR) NMR  spec-
troscopy by Bischoff et al. [20]. They have reported that in this
system crystallization occurs in two stages: near 650 ◦C crystalline
Li2SiO3 forms and upon further annealing of this glass–ceramic

dx.doi.org/10.1016/j.jallcom.2011.09.031
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:atiar@cgcri.res.in
mailto:atiariitk@gmail.com
dx.doi.org/10.1016/j.jallcom.2011.09.031
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Table 1
Composition (wt.%) of glasses studied in the present work.

Oxides LDS1G LDS2G LDS3G LDS4G

SiO2 70.64 70.64 70.64 70.64
K2O 3.09 3.09 3.09 3.09
Li2O 14.68 14.68 14.68 14.68
Al2O3 3.38 3.38 3.38 3.38
P2O5 3.21 3.21 3.21 3.21
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ZrO2 3.00 3.00 3.00 3.00
CeO2 1.88 1.88 1.88 1.88
MnO2 0.12 1.0 3.0 5.0

o 850 ◦C the crystalline Li2SiO3 phase reacts with the softened
esidual glass matrix, resulting in the crystallization of Li2Si2O5
LDS). Höland et al. [3] studied the microstructure and proper-
ies of different dental glass–ceramics and reported a fracture
oughness value for LDS glass–ceramics of 3.3 ± 0.3 MPa m1/2. Very
ecently, mechanical and chemical properties of Zr and P-doped
ithium disilicate glass–ceramics for dental restorations have been
tudied by Khalkhali et al. [21] and reported that the P-doped
lass ceramic exhibited the optimum mechanical and chemical
roperties (i.e. m = 5, �f = 181 ± 15 MPa, KIC = 1.94 ± 0.19 MPa  m1/2,
v = 3.7 ± 1.1 GPa, chemical solubility = 53 ± 9 �g/cm2). Goharian
t al. [22] have reported 3-point flexural strength of 280 MPa  for

 LDS glass–ceramics sample. However, studies of photolumines-
ence, optical properties, electron paramagnetic resonance (EPR)
f lithium disilicate glass–ceramics and their correlation with its
tructural and mechanical properties have not been reported so
ar.

In the present study, LDS glass-ceramics have been prepared
y melt-quenching followed by controlled heat-treatment. The
amples have been characterized by X-ray diffraction (XRD), field-
mission scanning electron microscopy (FE-SEM), transmission
lectron microscopy (TEM) and Fourier transform infrared spec-
roscopy (FT-IR) techniques. Photoluminescence (PL) and electron
aramagnetic resonance (EPR) studies have also been carried out on
he prepared glasses and glass ceramics. Electron paramagnetic res-
nance spectroscopy (EPR) will provide useful information about
he oxidation states, types of coordination and geometry of the lig-
nd sites. The static and dynamic properties are affected by their
nvironments as the 3d electrons occupy orbitals extending to the
utside of the ions. Upon ceramming, the local environment of the
ransition metal ion incorporated into the glass leads to ligand field
hanges which may  be reflected in the optical absorption and EPR
pectra.

. Experimental

Four glasses as per the composition presented in Table 1 were prepared
y a conventional melt-quench technique from high-purity chemicals: Quartz
SiO2) (99.8%, Sipur A1 Bremtheler Quartzitwerk, Usingen, Germany), aluminum
xide hydrate [Al(OH)3] (CHP-340S, Sumito Chemical Company, Japan), aluminum
rthophosphate (AlPO4) (Chemische Fabrik Budenheim KG, Budenheim, Germany),
irconia (ZrO2) (Grade TZ-0, TOSOH, Tokyo, Japan), lithium carbonate (Li2CO3)
Merck KGaA, Darmstadt, Germany), potassium carbonate (K2CO3) (Merck KGaA,
armstadt, Germany), cerium(IV) oxide (Merck KGaA, Darmstadt, Germany) and
anganese(IV) oxide (Merck KGaA, Darmstadt, Germany). The compositions of

DS glass ceramics used for the present study were based on an earlier work
eported by Höland et al. [23] with some minor modifications, such as replace-
ent of V2O5 with MnO2. Four concentrations of MnO2, 0.12, 1.0, 3.0 and 5.0 in
t.% have been used to see the effect of MnO2 on the properties of LDS GC and the

amples are designated as LDS1G, LDS2G, LDS3G and LDS4G, respectively. About
0 g of glass batch was  mixed thoroughly in an agate-mortar and was  melted in

 platinum crucible in an electric furnace at 1550 ◦C for 2 h in air with intermit-
ent stirring. The glass melt was  poured onto a preheated iron mould, followed
y  annealing at 500 ◦C for 2 h to remove the internal stresses of the glass, and

hen slowly cooled down at 1 ◦C/min to room temperature. The as-prepared glass
lock was shaped into the desired dimensions by cutting and optically polished to
arry out various characterization experiments. These precursor glasses, i.e. LDS1G,
DS2G, LDS3G and LDS4G were heat-treated at 700 ◦C for 1 h to convert them into
lass–ceramics.
ompounds 512 (2012) 105– 114

Archimedes’s principle was employed to determine densities of the glasses and
glass–ceramics with water as the immersion liquid on a single pan electrical balance
accurate to the nearest 0.00001 g. The error in density measurement is estimated
to be ±0.004 g/cm3. DTA of precursor glass powders were carried out at temper-
atures up to 1000 ◦C at the rate of 10 ◦C/min with a NETZSCH instrument (Model
STA  449C, NETZSCH-Gerätebau GmbH, Germany) to determine the glass transition
(Tg) and crystallization temperatures. XRD data were recorded using an Xpert-Pro
MPD  diffractometer (PANalytical, Almelo, The Netherlands) with the anchor scan
parameters wavelength Cu K� = 1.5406 Å at 25 ◦C, having a source power of 40 kV
and 30 mA,  in order to identify the crystalline phases developed in the heat-treated
glass–ceramics. A high-resolution FE-SEM (Gemini Zeiss Suprat 35 VP model of Carl
Zeiss Microimaging GmbH, Berlin, Germany) was  used to observe the microstruc-
ture of the heat-treated glass–ceramics after etching in HF solution and coating
with a thin carbon film. The TEM images of the powdered glass–ceramic sam-
ples were obtained from an FEI (Model Tecnai G2 30ST, FEI Company, Hillsboro,
OR) instrument. The FT-IR transmittance spectra were plotted using a FT-IR spec-
trometer (Model 1615, PerkinElmer), in the wavenumber range 400–2000 cm−1 at
a  resolution of ±2 cm−1 after 16 scans. The refractive index (RI) of the precursor
glass was measured by a Prism Coupler (Model 2010/M, Metricon Corporation, New
Jersey, USA) at five different wavelengths of 473, 532, 632.8, 1064 and 1552 nm
using appropriate laser sources. Further, these data have been used to estimate RI at
other wavelengths employing the Sellemeyer dispersion equation. The resolution
of  the prism coupler is ±0.0005. The optical absorption spectra were recorded on a
PerkinElmer UV–vis spectrophotometer (Model Lambda 20, PerkinElmer Corpora-
tion, Waltham, MA,  USA) in the wavelength range of 400–1100 nm with an accuracy
of  ±1%. The band position was measured digitally and the accuracy with which the
peaks were measured was ±10 cm−1. The fluorescence spectra were measured to
±0.2 nm with a fluorescence spectrophotometer (Fluorolog 2, Spex) using a 150 W
Xe lamp as the excitation source and a photomultiplier tube (PMT) as detector.

The EPR spectra were recorded on an EPR spectrometer (JEOL-FE-1X) operating
in  the X-band frequency (≈9.200 GHz) with a field modulation frequency of 100 kHz.
The magnetic field was scanned from 0 to 500 mT and the microwave power used
was 10 mW.  A powdered glass sample of 100 mg  in a quartz tube was used for EPR
measurements. The hardness and indentation fracture toughness properties of the
glass ceramic samples were measured by micro-indentation on the polished sur-
face  of the samples using a microindentation hardness testing system (Clemex CMT,
Canada) equipped with a conical Vicker’s indenter at an indent load of 500 g. About
10 indents were taken for each sample using identical loading conditions. The diag-
onals of the Vickers indents were carefully measured using an optical microscope
and  subsequently, the hardness was calculated using the standard equation for the
Vickers geometry:

Hv = 1.8544
P

d2
(1)

where Hv is the Vickers hardness number (VHN) in kg/mm2, P is the normal load
in  kg, and d is the average diagonal length of the indentation in mm.  The follow-
ing  equation proposed by Antis et al. [24] was used for calculation of the fracture
toughness (KIC):

KIC = ˛

(
E

H

)0.5 (
P

C1.5

)
(2)

where P is the applied load and C is the mean length of the two radian cracks. E and
H  are the Young’s modulus and hardness of the sample, respectively, measured at
the same applied load P at which the KIC of the sample is measured. For Vicker’s
indenters the  ̨ value was taken as 0.016. The elastic modulus and flexural strength
were measured using 3-point bending set upon Instron machine. During 3-point
flexural tests, the displacement of the bar sample was measured by placing a LVDT
(linear variable displacement transducer) adjacent to the tensile surface. From the
slope of the linear part of the obtained load displacement curve, the E-modulus was
measured. The flexural properties were evaluated using a span length of 40 mm and
crosshead speed of 0.5 mm/min at a temperature of 25 ◦C and relative humidity of
70%.

3. Results and discussion

3.1. Physical and thermal properties

A DTA study is a pre-requisite to determining the heat-
treatment conditions needed to convert a glass system into a
glass–ceramic with the desired crystalline phases. DTA traces for
LDS1G, LDS2G and LDS3G are provided in Fig. 1. No significant
differences in the glass transition temperatures (Tg) between the

glasses LDS1G (488 ◦C), LDS2G (488 ◦C) and LDS3G (487 ◦C) were
observed because the compositional differences in the base glass
are small other than minor variations in the MnO2 dopant content.
It has also been observed that there are two  exothermic peaks at
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Table 2
Certain physical parameters and optical properties of the lithium disilicate glass and glass–ceramic samples studied in the present work.

Sample Density (g/cc) n′
F nd n′

C Abbe number (�e) Dielectric constant (ε) Reflection loss (R%)

LDS1G 2.428 1.5449 1.5387 1.5331 45.65 2.371 4.52
LDS2G 2.448 1.5488 1.5424 1.5371 46.36 2.385 4.57
LDS3G  2.456 1.5508 1.5449 1.5392 46.97 2.390 4.59
LDS4G  2.478 1.5549 1.5491 1.5427 45.00 2.403 4.65
LDS1GC  2.466 1.5478 1.5422 1.5356 44.44 2.380 4.55
LDS2GC  2.477 1.5512 1.5455 1.5393 45.84 2.393 4.61
LDS3GC 2.501 1.5533 1.5479 1.5416 46.83 2.400 4.64
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31 ◦C and 832 ◦C in the DTA curve of sample LDS1, whereas, in
amples LDS2 and LDS3 broad exothermic peaks are noticed at
21 ◦C and 696 ◦C, respectively. Similar thermal behaviour was
eported by Apel et al. [2] for the LDS glass–ceramics studied by
hem. The exothermic peak observed at 631 ◦C in the DTA curve of
DS1 is due to the crystallization of lithium metasilicate (Li2SiO3)
2] which is dissolved at higher temperatures to form lithium
isilicate (Li2Si2O5) at 832 ◦C. This finding is in good agreement
ith those of other researchers [2].  Distinct exothermic peaks are
ot observed at higher temperatures (>700 ◦C) in the DTA curves of
DS2 and LDS3 possibly due to the overlapping of the crystallization
vents for formation of lithium metasilicate and lithium disilicate
rystals. With an increase in the MnO2 content in the glasses, their
ensity increases monotonically by a small amount. Table 2 lists
he densities of lithium disilicate (LDS) glass and glass–ceramics
tudied in the present work. The densities of the glass–ceramics
ere found to be higher than that of their glass counterpart due to

he obvious reason that after heat-treatment when glass–ceramic
orms, densification takes place. Overall, the densities of these
lasses and glass–ceramics are found to be 2.5 g cm−3 or less.
he density of the lithium disilicate glasses and glass–ceramics
re much lower than that of the other ceramics (e.g. density of
l2O3 ∼ 4.0 g cm−3) or metals (e.g. density of steel ∼ 7.85 g cm−3)

ommonly used for armour applications. This implies that armour
ith a lower weight per unit area could be designed with LDS GC,
hile providing the same level of protection in comparison with

he conventional armour grade steel and ceramics.
.2. X-ray diffraction

To make glass-ceramics the precursor glasses LDS1G, LDS2G,
DS3G and LDS4G were subjected to a single stage heat-treatment
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Fig. 1. DTA traces of lithium disilicate glasses.
 – –

at 700 ◦C for 1 h with heating and cooling rates of 2 ◦C/min. XRD
patterns of the heat-treated glass–ceramic samples are shown in
Fig. 2. The samples are designated as LDS1GC, LDS2GC, LDS3GC
and LDS4GC for four different glass–ceramics with varying con-
centration of MnO2. After heat-treatment, all these glass–ceramics
were found to be transparent and the major crystalline phase iden-
tified in all these glass–ceramics was  LDS, the main diffraction
peaks corresponding to those reported in the JCPDS file card no.
40-0376. Thus, lithium disilicate is the only crystalline phase in the
glass–ceramic. The change in MnO2 concentrations does not intro-
duce any additional peaks and the intensities of peaks observed are
similar for all the compositions, indicating the absence of any Mn-
containing crystalline phase. However, further investigations need
to be carried out to ascertain the role of Mn  ions, if any, in crys-
tallization of lithium disilicate by observing X-ray time structure
analyses.

3.3. FE-SEM and TEM analysis

Field emission scanning electron microscopy (FE-SEM) and
transmission electron microscopy (TEM) measurements have been
used to investigate the nucleation and crystallization processes. FE-
SEM micrographs of lithium disilicate glass–ceramics heat-treated
at 700 ◦C for 1 h are shown in Fig. 3. The glass–ceramics were etched
with 10% hydrofluoric acid for 60 s prior to FE-SEM observations.
The applied etching procedure resulted in the glassy matrix of
the samples dissolving from the surface areas in a few microns,
which exposed a layer of crystals on the surface of the glass matrix
and imparted a high contrast for the scanning electron microscope
investigations. The glass–ceramic displayed a fine microstructure
with many lithium disilicate crystals of uniform size homoge-
neously dispersed in the glass matrix. The crystals are elongated
and highly interlocked with each other, which is responsible for the

high mechanical strength of the glass-ceramic. The individual crys-
tals are nearly spherical in shape. Critical examination of the elon-
gated crystals formed and the similarity between the dimension of
the crystal grains and the diameter of the elongated crystals reveals

Fig. 2. XRD patterns of lithium disilicate glass–ceramics heat-treated at 700 ◦C for
1  h.
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Fig. 3. FE-SEM micrographs of lithium disili

hat grains are connected side by side epitaxially which leads to
he formation of this kind of morphology of elongated crystals of
ano-size. The glass–ceramics produced in the present investiga-
ion are transparent due to the development of nano-sized crystals.
he crystals of average grain size of about 100 nm were measured
or all the samples. Similar crystal morphology of lithium disilicate
lass–ceramics was reported by previous researchers [23,25].  How-
ver, reports show that crystals of rod shaped morphology can be
ormed in the LDS glass–ceramics if heated for a longer duration
t higher temperatures (>800 ◦C). The content of lithium disilicate
n the heat-treated glass–ceramics were 80 ± 5 vol.%, which were
etermined from the microstructure by adopting stereological

echnique using grid paper. Because of this dense interlocked mor-
hology of crystals, it shows high mechanical strength. The initia-
ion of the nucleation process in a very homogeneous glass enables
rowth of this kind. The microstructures of heat-pressed lithium

Fig. 4. TEM micrographs of LDS glass–cer
lass–ceramics heat-treated at 700 ◦C for 1 h.

disilicate have been studied by Höland et al. [3] who  reported a
different microstructure for the LDS glass–ceramics. They reported
elongated LDS crystals of 0.5–4 �m length, which is bigger, com-
pared to the crystallite sizes observed in the present investigation
(∼100 nm). Moreover, they reported crystal volume fractions of 0.7,
which is less compared to the presently studied samples (0.8).

Further, TEM observation was carried out to examine the
crystallization behaviour of the heat-treated glass–ceramics. The
bright field TEM images of LDS1GC, LDS2GC, LDS3GC and LDS4GC
glass–ceramics are shown in Fig. 4. The TEM images reveal the pres-
ence of nanocrystals of average size 10–50 nm in LDS1GC, LDS2GC,
LDS3GC and LDS4GC glass–ceramics. Due to the presence of small

crystallites, the LDS glass–ceramics produced in the present inves-
tigation are found to be transparent. The details of the optical
properties of the LDS glasses and glass–ceramics are discussed in
the subsequent sections.

amics heat-treated at 700 ◦C for 1 h.
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ig. 5. FT-IR patterns of lithium disilicate glass–ceramics heat-treated at 700 ◦C for
 h.

.4. FT-IR spectroscopy

Fourier transform infrared spectroscopy (FT-IR) was used in
rder to obtain more structural information on the glass ceram-
cs. The FT-IR transmittance spectra of the LDS glass–ceramics
amples, LDS1GC, LDS2GC, LDS3GC and LDS4GC in the wavenum-
er range 400–4000 cm−1 are shown in Fig. 5. The IR spectra
f glass–ceramics have their most prominent bands at 475,
07, 730, 849 and 1053 cm−1 and a weak band is observed
t 518 cm−1. This weak band at 518 cm−1 is assigned to Si–O
eformation. The bands at 607 and 730 cm−1 are assigned to sym-
etric stretch of Si–O–Si vibrations. The band at 849 cm−1 is

ttributed to asymmetric Si–O–Si band or –O–Si–O– asymmet-
ic vibrations found in crystalline LDS. The band at 3423 cm−1 is
ssigned to O–H stretching vibrations. The analysis of the results
lso reveals that with an increase in MnO2 content in the glass,
his Si–O–Si band intensity is reduced systematically. This is in
ood agreement with the results already reported by Fuss et al.
18].

.5. Electron paramagnetic resonance studies

Fig. 6(a) shows the EPR spectra of Mn2+ ions in lithium disil-
cate glasses for different concentrations of manganese ions. The
PR spectrum of all the glass samples exhibit an intense resonance
ignal with effective g values at g ≈ 1.98, a broad signal at g ≈ 3.3 and
eak shoulders at g ∼= 4.10 and g ≈ 4.73. At lower concentration of
anganese (up to 1 wt%) the resonance signal at g ≈ 1.98 exhibits

 six line hyperfine structure (hfs) which is a characteristic of Mn2+

ons with a nuclear spin I = 5/2. Lithium disilicate glass ceramic sam-
les were obtained by calcining the samples at 700 ◦C for 1 h. The
PR spectra of Mn2+ ions in lithium disilicate glass ceramic sam-
les for different concentrations of manganese ions are shown in
ig. 6(b). It is observed that in ceramized samples, the hyperfine
tructure weakens or disappears even for lower concentration of
anganese. Further, the signal intensity of the ceramized sample

s greater than for the glass sample.
The presence of the resolved hyperfine structure (hfs) of the
 ≈ 1.98, resonance strongly indicates that Mn2+ ions in symmet-
ic sites (octahedral) are isolated or significantly distinct from each
ther. As the concentration of Mn2+ ion increases beyond 1 mol%,
he resolution of the hfs sextet disappears giving a single broad
ompounds 512 (2012) 105– 114 109

band. The resolution was lost with increased concentration due to
the ligand field fluctuations near the Mn2+ ions and to the dipolar
interactions. In general, Mn2+ ions in borate glass exist in octahedral
coordination whereas in silicate and germanate glasses the Mn2+

ions exist in both octahedral and tetrahedral coordination [26]. In
the case of d5 transition metal ions, it is known that axial distor-
tion of octahedral symmetry gives rise to three Kramers doublets
|±5/2>, |±3/2> and |±1/2> [27]. Application of the Zeeman field
lifts the spin degeneracy of the Kramers doublets. As the crystal
field splitting is normally much smaller than the Zeeman field, the
resonances observed are due to transitions within the Zeeman field
split Kramers doublets. The g ≈ 1.98 resonance is due to the Mn2+

ions in an environment close to octahedral symmetry and is known
to arise from the transition between the energy levels of the lower
doublet. The resonance signals at g ≈ 3.3 and g ≈ 4.05 have been
attributed to the rhombic symmetry of Mn2+ ions [28].

Van Wieringen [29] noted that the strength of the hyperfine
splitting depends on the matrix into which the ion is dissolved and
is mainly determined by the electronegativity of the neighbours.
This means a qualitative measure of the covalency of the bonding
in the matrix can be determined from the value of the hyperfine
splitting constant A; smaller the value of A, the more the covalent
the bonding of the anion. The magnitude of the hyperfine splitting
constant, Aavg was measured using the expression:

Aavg = (�Opp + �Ott)/5 + (�Mpp + �Mtt)/3 + (�Ipp + �Itt)
6

(3)

where �Opp and �Ott represent the differences between the first
and sixth peak positions, measured peak to peak and trough to
trough, respectively. �Mpp and �Mtt represent difference in posi-
tions between second and fifth peaks, �Ipp and �Itt between second
and third peaks. In the present work, the evaluated hyperfine (hf)
splitting constant (A) is found to be 90 G which indicates that the
bonding between Mn2+ ions and the neighbouring ligands is ionic
[29,30].

The population difference between Zeeman levels (N) can be
calculated by comparing the area under the absorption curve with
that of a standard (CuSO4·5H2O in this study) of known concentra-
tion. Weil et al. [31] gave the following expression, which includes
the experimental parameters of both sample and standard:

N = Ax(Scanx)2Gstd(Bm)std(gstd)2[S(S + 1)]std(Pstd)1/2

Astd(Scanstd)2Gx(Bm)x(gx)2[S(S + 1)]x(Px)1/2
[Std] (4)

where A is the area under the absorption curve which can be
obtained by a double integration of the first derivative EPR absorp-
tion curve, scan is the magnetic field corresponding to a unit length
of the chart, G is the gain, Bm is the modulation field width, g is
the g factor, S is the spin of the system in its ground state. P is the
power of the microwave. The subscripts ‘x’ and ‘std’ represent the
corresponding quantities for Mn2+ glass/glass ceramic sample and
the reference (CuSO4·5H2O), respectively. The population differ-
ence between Zeeman levels (N) for lithium disilicate glasses and
glass ceramic samples for g ≈ 1.98 resonance is listed in Table 3. It
is observed that N increases in glass samples as the concentration
of manganese increases suggesting that most Mn2+ ions enter as
paramagnetic species.

The EPR data can be used to calculate the paramagnetic suscep-
tibility of the sample using the formula [32]:

� = Ng2ˇ2J(J + 1)
3kBT

(5)
where N is the number of spins per m3 and the other symbols
have their usual meaning. N can be calculated from Eq. (4).  Since
the intensity of the resonance signal at g ≈ 1.98 is high, this g
value is taken to calculate the paramagnetic susceptibility. The
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Fig. 6. EPR spectra of Mn2+ ions lithiu

aramagnetic susceptibilities (�) evaluated from EPR data are also
resented in Table 3.

.6. Optical studies

Fig. 7(a) shows the optical absorption spectrum of Mn2+ ions
n LDS glasses and Fig. 7(b) that of glass–ceramic samples with
ifferent concentrations of manganese ions. In LDS glasses, the
ptical absorption spectrum exhibits a single broad band centered
t 470 nm (20,320 cm−1). In a octahedral crystalline field of low
o moderate strength, the five d electrons of Mn2+ ions are dis-
ributed in the t2g and eg orbitals, with three in the former and
wo in the latter. Thus the ground state configuration is (t2g)3

eg)2. This configuration gives rise to the electronic states, 6A1g,
A1g, 4Eg, 4T1g, 4T2g and to a number of doublet states of which
A1g lies lowest according to Hund’s rule. Since, all the excited
tates of Mn2+ ion (belonging to d5 configuration) will be either
uartets or doublets, the optical absorption spectra of Mn2+ ions
ill have only spin forbidden transitions. In the present case, the

road band observed near ∼20,320 cm−1 is assigned to the tran-
ition 6A1g(S) → 4A1g(G) 4Eg(G). It is interesting to observe that in
DS glasses the transition 6A1g(S) → 4A1g(G) 4Eg(G) disappears. To
onfirm this the authors studied the photoluminescence spectra of
n2+ ions in LDS glass ceramics. The excitation and emission spec-

ra of Mn2+ ions in LDS glass ceramics are shown in Fig. 8(a) and (b),
espectively. In the present study the excitation spectrum (Fig. 8(a))

hows 3 bands at 344 nm,  394 nm and 472 nm.  Among these the
94 nm (25,380 cm−1) band is the intense one. These bands arise
ue to the d–d transitions within the Mn2+ (3d5) configuration from
he ground state 6A1(S) of Mn2+ ions to various excited states. The

able 3
umber of spins (N), paramagnetic susceptibilities (�) and optical band gap (Eopt) energi
ork.

Sample Number of Spins per kg × 1022 (arb. units) Paramagn

LDS1G 1.45 3.46 

LDS2G 1.83 4.37 

LDS3G 4.00 9.56 

LDS4G 38.00 90.70 

LDS1GC 2.41 5.76 

LDS2GC 4.68 11.18 

LDS3GC 5.99 14.31 

LDS4GC 57.10 136.30 
licate (a) glass and (b) glass ceramics.

emission at 565 nm (17,700 cm−1) is the typical green emission. The
emission process from this material is attributed to a d-level spin-
forbidden transition for the Mn2+ ions acting as an activating center
[33]. In particular, the transition from the lowest excited state to
the ground state, 4T1g to 6A1g, is directly responsible for the green
light emission. Upon ceramization, the local environment of the
transition metal ion incorporated into the glass leads to ligand field
changes which may  be reflected in the optical absorption and EPR
spectra. Manganese ions emission wavelengths range from green
to red; the green emission is characteristic of Mn2+ in tetrahedral
coordination, and the orange to red colours come from octahedrally
coordinated Mn2+, with intermediate colours from a combination
of both species [34]. An emission at 710 nm in the longer wave-
length region is observed which might be due to the charge-transfer
de-excitation associated with the Mn  ion. The ‘A’ value is one of
the parameters to indicate the coordination number of Mn2+ ions
which depends on the host matrix. The hyperfine splitting constant
‘A’ value obtained in the present work (90 G) is similar to the val-
ues reported for octahedrally coordinated Mn2+ ions [34] and this
suggests that the Mn2+ ions are in octahedral symmetry.

The refractive indices at standard wavelengths n′
F (480 nm), ne

(546.1 nm)  and n′
C (643.8 nm)  have been obtained from the disper-

sion curves by fitting the measured refractive indices with a five
term Sellmeier equation [35]:

n2 = A + B�2
+ D�2

(6)

�2 − C �2 − E

where n is the refractive index at wavelength �. Table 2 lists some
important optical properties such as refractive index, Abbe number,
reflection loss for the LDS glass and glass–ceramic samples studied.

es for the lithium disilicate glass and glass ceramic samples studied in the present

etic susceptibility × 10−3 m3 kg−1 Optical band gap energy Eopt (eV)

3.38
3.36
3.34
3.33
1.82
1.69
1.54
1.26
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Fig. 7. Optical absorption spectra Mn2+ ions in (a) lithium disilicate glass and (b)
glass ceramic samples at room temperature.

Fig. 8. Photoluminescence spectra of Mn2+ ions in LDS glass ceramics (a) excitation
spectra (�em = 565 nm)  and (b) emission spectra (�ex = 394 nm).
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It will be interesting to observe, if there is any shift in the band
gap in lithium disilicate glasses and glass–ceramics. In order to
examine the optical band gap energy for the LDS glasses and glass
ceramics, the optical absorption spectra were also recorded in the
near ultra-violet region. The main feature of the absorption edge
of amorphous semiconductors, particularly at the lower values of
the absorption coefficient, is an exponential increase of the absorp-
tion coefficient  ̨ (�) with photon energy h� in accordance with an
empirical relation [36]:

 ̨ = ˛0 exp
(

h�

�E

)
(7)

where ˛o is a constant, �E  is the Urbach energy and � is the fre-
quency of radiation.

The absorption coefficient ˛(�) can be determined near the edge
using the formula:

˛(�) = 2.303A

d
(8)

where ‘A’ is the absorbance at frequency � and d is the thickness of
the glass/glass ceramic sample. The optical band gap energy for an
indirect transition can be determined using the formula [37]:

Eopt = h� −
(

˛h�

B

)1/2

(9)

where ‘B’ is a constant and Eopt is the optical band gap energy.
This relation is applied to many oxide glasses [36]. Figs. 9 and 10
show the plots between (˛h�)1/2 and h� for the LDS glass and glass
ceramic, respectively. The optical band gap energy is determined by
extrapolating the linear region of the curve to the h� axis. The opti-
cal band gap energies obtained for the lithium disilicate glass and
glass ceramics studied in the present work are listed in Table 3.
From Table 3, the optical band gap energy is found to decrease
slightly with the increase of concentration. The optical band gap
energies obtained in the present work are of the same order as
reported in the literature [38,39].  It is observed that in LDS  glass
ceramics there is a huge decrease in the optical band gap energies.
The decrease in optical band gap energies can be attributed to the
increase in non-bridging oxygen with the increase in Mn  content.

3.7. Mechanical properties

The mechanical properties, i.e. hardness, indentation fracture
toughness, 3-point flexural strength and elastic modulus of the LDS
glass–ceramics have been evaluated and are presented in Table 4.
The hardness of the heat-treated glass ceramic samples is mea-
sured by acquiring micro-indentation with a Vicker’s indenter at
an indent load of 500 g using the average diagonal lengths of
the hardness impressions. Representative images of the indenta-
tion impressions of four varieties of LDS glass–ceramics samples
observed under optical microscope are shown in Fig. 11.  The max-
imum hardness value obtained (5.8) was  for LDS1GC. For the other
samples, the hardness values found were 5.4, 5.6 and 5.7, for
LDS2GC, LDS3GC and LDS4GC respectively. No definite trend of
hardness values could be established with increasing in MnO2
content in the glass–ceramics but overall variations in hardness
values are marginal. The hardness values of LDS glass–ceramics
are more than for many other glasses and glass–ceramics [40].
This is primarily because the greater interlocking of the LDS
nanocrystals in the glass–ceramic helps to stop the cracks more
effectively, thereby enhancing the plastic deformation of the
material.
Indentation fracture toughness values were calculated by mea-
suring the average lengths of the cracks using Antis’s equation
[24]. Antis’s equation used for the calculation of indentation frac-
ture toughness yields reliable values of the fracture toughness, if
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Fig. 9. Plots corresponding (˛h�)1/2 vs. h� for the lithium disilicate glasses at room temperature.

Fig. 10. Plots corresponding to (˛h�)1/2 vs. h� for the lithium disilicate glass ceramics at room temperature.
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Table 4
Mechanical properties of lithium disilicate glass–ceramics heat-treated at 700 ◦C for 1 h.

Sample Flexural strength (MPa) E-modulus (GPa) Hardness (GPa) Crack length, C (�m) Half diagonal length, a (�m) C/a Indentation fracture
toughness (MPa m1/2)

LDS1GC 241.9 73.78 5.8 96.13 40.2 2.39 2.63
LDS2GC 263.96 67.88 5.4 94.55 41.18 2.29 2.93
LDS3GC 226.13 65.54 5.6 94.40 40.3 2.33 2.78
LDS4GC 259.73 67.71 5.7 92.85 39.97 2.32 2.82
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Fig. 11. Representative images of the indentation impressions of four varieties 

/a < 2.5 (i.e. if the crack system is Palmquist type) where C is the
verage of half of the radian crack lengths and a is the average of
alf of the diagonal lengths of indentation impressions. C/a ratio
ave been measured for these LDS glass–ceramics and the values

ound to be in the range of 2.29–2.39 which is <2.5 even at higher
oads of 500 g. Palmquist type radian cracks other researchers have
lso used Antis’s equation [41] for calculating indentation fracture
oughness. This equation is based on the assumption that nucle-
tion of the cracks is due to an elastic stress field formed beneath the
ndenter when the indentations were taken. Though crack growth
n elastic/plastic contact fields has been established as the basis for
racture studies, there is still sometimes a dominant residual com-
onent of the driving force which leads to an increase in the crack

ength even after completion of the actual indentation process [42].
oreover, sometimes it has been observed that during indentation

o cracks were visible in the sample in a particular direction, but
fter few seconds or so cracks started to appear. This is due to resid-
al component of the driving force which leads to the formation of
hese cracks even after the indentation process is over. Particularly,
or the LDS3GC and LDS4GC glass–ceramic samples, a black circle
urrounding the indentation impressions were observed.

Indentation fracture toughness values of 2.63, 2.93, 2.78 and
.82 MPa  m1/2 have been observed for the samples, LDS1GC,
DS2GC, LDS3GC and LDS4GC, respectively. Marginal variation in
racture toughness values are noticed due to the absence of any
ignificant compositional difference between the samples. How-
ver, the indentation fracture toughness values observed in LDS
lass–ceramics are higher than for other conventional glasses and
lass ceramics.

The basic mechanical properties, i.e. flexural strength (3-point)
nd E-modulus of samples (LDS1GC, LDS2GC, LDS3GC and LDS4GC)
ere determined. The experimental results reveal that higher

trength values of 242, 264, 226 and 260 MPa  respectively could be
btained and also demonstrate moderate E-modulus values of 74,
8, 66 and 68 GPa respectively. In many of the published research
rticles on glass–ceramics, such comprehensive measurements of
asic mechanical properties are not presented. This combination of
nhanced strength and elastic modulus is attributed to the highly
ense nano-crystals of LDS oriented in interlocking fashion in the
lassy matrix.

Due to their high hardness, moderate fracture toughness

long with enhanced flexural strength and elastic modulus, LDS
lass–ceramics are widely used in the various biomedical applica-
ions. Very recently, transparent varieties of LDS glass–ceramics
re getting huge attention for transparent armour applications
 glass–ceramics samples observed under optical microscope (load used 500 g).

due to their good mechanical properties, transparency and more
importantly lightweight (2.5 g cm−3) compared to their ceramic
(∼4 g cm−3) counterparts.

4. Conclusions

By employing controlled crystallization heat-treatment in LDS
glasses, it was possible to have a tight control over the crystal-
lite size to the extent that the transparency of the host glass is
retained. XRD results confirm that LDS was the only crystalline
phase identified in all these glass–ceramics. The glass–ceramics
are transparent due to the development of nano-sized crystals
(∼100 nm)  and the crystals have an elongated, highly dense and
interlocked microstructure. TEM images also reveal the presence
of nanocrystals of average size of 10–50 nm.  FT-IR results show
symmetric stretch of Si–O–Si vibrations and –O–Si–O– asymmetric
vibrations in crystalline LDS. The EPR spectrum exhibits resonance
signals characteristic of Mn2+ ions. The resonance at g ≈ 1.98 is
due to the Mn2+ ions in an environment close to octahedral sym-
metry whereas the resonances at g ≈ 3.3 and g ≈ 4.05 have been
attributed to Mn2+ ions in rhombic symmetry. The optical absorp-
tion spectrum of LDS glass shows a broad band at 20,320 cm−1

which is assigned to the transition 6A1g(S) → 4T1g(G) 4Eg(G). The
emission at 565 nm (17,700 cm−1) is the typical green emission
attributed to a d–d level spin-forbidden transition for the Mn2+

ions from the lowest excited state to the ground state, 4T1g to
6A1g. Upon ceramization, the local environment of the transition
metal ion incorporated into the glass changes and leads to ligand
field changes which are reflected in the optical absorption and EPR
spectra. An emission at 710 nm in the longer wavelength region is
observed which is due to the charge-transfer de-excitation asso-
ciated with the Mn  ion. In lithium disilicate glass ceramics there
is a huge decrease in the optical band gap. The decrease in optical
band gap can be attributed to an increase in non-bridging oxygens
with an increase in Mn  content. In the present study, a good com-
bination of mechanical properties has been obtained including a
micro-hardness of about ∼5.6 GPa, high indentation fracture tough-
ness ∼2.8 MPa  m1/2, 3-point flexural strength of about ∼250 MPa
and moderate elastic modulus of about 65 GPa.
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