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Abstract The design and development of glass ceramic

materials provide us the unique opportunity to study the

microstructure development with changes in either base

glass composition or heat treatment conditions as well as to

understand processing-microstructure-property (mechani-

cal/biological) relationship. In the present work, it is

demonstrated how various crystal morphology can develop

when F- content in base glass (K2O–B2O3–Al2O3–SiO2–

MgO–F) is varied in the range of 1.08–3.85% and when all

are heat treated at varying temperatures of 1000–1120�C.

For some selected heat treatment temperature, the heat

treatment time is also varied over 4–24 h. It was estab-

lished that with increase in fluoride content in the glass

composition, the crystal volume fraction of the glass-

ceramic decreases. Using 1.08% fluoride, more than 80%

crystal volume fraction could be achieved in the K2O–

B2O3–Al2O3–SiO2–MgO–F system. It was observed that

with lower fluoride content glass-ceramic, if heated at

1040�C for 12 h, an oriented microstructure with ‘envelop

like’ crystals can develop. For glass ceramics with higher

fluorine content (2.83% or 3.85%), hexagonal-shaped

crystals are formed. Importantly, high hardness of around

8 GPa has been measured in glass ceramics with maximum

amount of crystals. The three-point flexural strength and

elastic modulus of the glass-ceramic (heat treated at

1040�C for 24 h) was 80 MPa and 69 GPa of the sample

containing 3.85% fluorine, whereas, similar properties

obtained for the sample containing 1.08% F- was 94 MPa

and 57 GPa, respectively. Further, in vitro dissolution

study of the all three glass-ceramic composition in artificial

saliva (AS) revealed that leached fluoride ion concentration

was 0.44 ppm, when the samples were immersed in AS for

8 weeks. This was much lower than the WHO recom-

mended safety limits of 1.5 ppm. Among all the

investigated glass-ceramic samples, the glass ceramic with

3.85% F- content in base glass (heat treated at 1040�C for

12 h), exhibits the adherence of Ca–P layer, which consists

of spherical particles of 2–3 lm. Other ions, such as Mg?2

and K?1 ion concentrations in the solution were found to be

8 and 315 ppm after 8 weeks of leaching, respectively. The

leaching of all metal ions is recorded to decrease with time,

probably due to time-dependent kinetic modification of

sample surface. Summarizing, the present study illustrates

that it is possible to obtain a good combination of crys-

tallization, mechanical and in vitro dissolution properties

with the careful selection of base glass composition and

heat treatment conditions.

1 Introduction

Glass-ceramics (GC) with the characteristic microstructure

of sheet silicates in the fluorine mica family can be made

machinable, strong, thermal shock resistant and with

excellent dielectric properties [1]. Glass-ceramics, dem-

onstrating such favorable properties, can be developed with

a variety of microstructures by carefully varying the base

glass composition and heat treatment conditions [2]. An

important group of these materials, i.e., mica containing

glass ceramics received wider application due to their high
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machinability, which results in an increased versatility of

the finished shape. The machinability, as well as other

properties, such as high thermal shock resistance and

excellent electrical insulation, etc., is attributed to the

unique microstructure of an interlocking array of plate-like

mica crystals, dispersed throughout a glassy matrix [3, 4].

Also, machinable glass ceramics are potential materials for

dental restorations due to possibility of achieving a com-

bination of high machinability, matching mechanical

properties with natural teeth, bioactivity and finally, good

aesthetics [5–8]. In the development of bioactive materials,

Bioglass [9, 10], Ceravita [11], Apatite–Wollastonite (AW)

glass-ceramic [12, 13] and dense hydroxyapatite ceramic

[14, 15] have been well characterized for clinical applica-

tions. These materials either have a close chemical

resemblance to bone mineral, or they provide an intimate

contact with the surrounding tissue. However, owing to

their brittle nature, their applications are limited to cases,

where the mechanical stresses, particularly the tensile

stress, are nonexistent or sufficiently low. Therefore, a

better combination of high strength, hardness, appropriate

E-modulus and good in vitro biocompatibility property is

an essential requirement for biomaterial; not only because

they ensure reliability and long lifetime, but also because

they are the indispensable factors that govern the perfor-

mance and osteoconduction [16] between the implant and

living tissue, when used under load-bearing conditions in

vivo. Among the bioactive materials mentioned above, A–

W glass-ceramic has been reported to have the best

mechanical properties and also shows excellent bioactivity

in prosthetic applications [17–19]. Quinn et al. [20]

reported the influence of microstructure and chemistry on

the fracture toughness of various ceramics. However, all

the materials mentioned above are not machinable and they

do not have a good combination of mechanical properties.

To this end, it is easier to process mica-based GC with

good mechanical properties into surgical parts with various

complex shapes by using normal clinical machining

methods [21].

Like other GC, the properties of machinable GC depend

on the type, sizes and volume fraction of the primary

crystalline phases [22]. Also, the microstructures as well as

properties are sensitive towards base glass composition

(e.g., fluorine content). The presence of fluorine in the base

glass enhances phase separation, and phase separation

usually precedes the crystallization. In the glass system of

the MAS type (MAS: MgOA12O3SiO2), fluorine has the

role of a nucleating agent [23]. Radonjić and his co-

workers [23] demonstrated that when fluorine content in

glass is high, nucleation starts at relatively lower temper-

ature. Cheng et al. [24] also reported that fluorine source

has an effect on the crystallization behavior of the glass

ceramics (GC) system. They established that with the NaF

as the source of fluorine, only surface crystallization

occurs. In contrast, with MgF2 as the source of fluorine,

uniform bulk crystals can form.

Apart from crystallisation/microstructure development

aspect, the in vitro dissolution/leaching of glass ceramics

also depends on glass composition or crystal morphology.

The present study is a part of our ongoing research in the

area of glass ceramics. In our recent work [6, 7], the

development of some unusual spherulitic-dendritic crystals

as well as their in vitro dissolution properties are reported.

One of the sensitive element in K2O–B2O3–Al2O3–SiO2–

MgO–F glass compositions is fluorine and therefore, this

present study investigates the aspects of microstructure

development as well as properties when fluorine content in

base glass is varied over a narrow range. This paper will

demonstrate how small variation in fluorine will influence

significantly the crystallization as well as physical/in vitro

dissolution properties of the heat treated glass ceramics.

Importantly, it will be shown how the apatite rich surface

layer can be formed in specific glass ceramic composition

after dissolution in AS. The basic mechanisms operating in

dissolution of the material in the solution have been ana-

lyzed. It can be noted that the leaching of silicate-based

ceramics occurs during exposure to aqueous solutions. In

addition, leaching can lead to weakening of the ceramic,

roughening of the surface, and increased abrasion potential

against contacting surfaces [25]. In summary, the novelty

of the present work is to demonstrate the following aspects:

(a) how the characteristically different crystal morpholo-

gies can be developed with variation in F- content in the

narrow window of 1–4%, (b) how one can develop GC

with superior combination of hardness, strength and E-

modulus by designing both base glass composition and heat

treatment condition, and (c) in vitro dissolution and Ca–P

rich layer formation in vitro of the optimized GC.

2 Experimental procedures

2.1 Materials and heat treatment experiments

Three compositions with varying fluorine content in the

K2O–MgO–Al2O3–B2O3–SiO2–F have been studied in the

present work (Table 1). The starting materials were highly

pure optical grade Quartz Flour (Sipur A1 Bremthaler

Quartzitwerk, Germany), Aluminum nitrate nona hydrate

(Riedel-de-Hahn AG, Germany), Magnesuim hydroxide

carbonate (Merck, Germany), Potassium nitrate (Merck,

Germany), Boric acid (Merck KGaA, Germany), and MgF2

(Merck KGaA, Germany). Glass batches with desired

compositions were mixed using agate and mortar and

thereafter, melted in a platinum crucible at 1550�C for 2 h

using electrical furnace. The glass melts were cast into a
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cast iron mould to form plates, and then annealed for 2 h in

the temperature range of 600–650�C. The annealing con-

ditions were selected in order to avoid nucleation at this

stage. The compositions of the base glasses were analyzed

by inductively coupled plasma atomic absorption spec-

troscopy (ICP-AES, spectroflame modula FTM 08,

Germany). Differential thermal analyses (DTA) (Netzsch-

Gerätebau GmbH, STA 409C) with the heating rate of

10�C/min were performed over the temperature range of

30–1400�C on the powdered samples to investigate the

crystallization behavior of the glasses. XRD study for each

glass-ceramic was carried out to determine phase assem-

blage in the heat treated materials. The X-ray diffraction

patterns of the samples were recorded in X’pert pro MPD

diffractometer (PANalytical, The Netherlands) operating at

45 kV and 40 mA using Ni-filtered CuKa radiation. The

amorphous nature of as-prepared glasses was confirmed by

XRD. Two-stage heat-treatment has been done to crystal-

lize the glass and to convert it into glass ceramics.

Nucleation was done in the temperature range of 750–

850�C. The crystallization experiments were conducted in

the temperature range of 1000–1120�C, employing varying

time of holding from 4 to 24 h.

2.2 Microstructure and mechanical property

characterization

The glass ceramics produced were polished using diamond

paste and the polished surface is etched with 12% hydro-

fluoric acid (HF) with varying time from 1 to 3 min at

different zones of the sample for revealing the crystal

morphology in the bulk glass ceramic sample. The crys-

talline phases, precipitated in the glass after crystallization,

was also identified by XRD, using powdered sample and

observed by SEM-EDS (LEOs 430i, UK). FT-IR (Perkin

Elmer, Model 1615) study was done in order to identify

different bonds present in the GCs and crystals structure.

The hardness property of the glass ceramic samples was

measured by taking micro-indentation on the polished

surface of the samples. Micro-indentations are taken using

160 microhardness testers (Carl Zeiss Jena, Germany)

equipped with a conical Vicker’s indenter at an indent load

of 40 g. About ten indents were taken for each sample with

identical loading condition. The diagonals of the Vickers

indents were carefully measured using SEM and subse-

quently, the hardness was calculated using the standard

equation for the Vickers geometry.

HV ¼ 1:8554 P=d2 ð1Þ

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. Elastic modulus

and flexural strength were measured using 3-point bending

set up on Instron machine. During 3-point flexural tests, the

displacement of the bar sample was measured by placing a

linear variable displacement transducer (LVDT) 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 the

span length of 40 mm and crosshead speed 0.5 mm/min at

temperature of 25�C and relative humidity of 70%.

2.3 In vitro tests

As part of the in vitro study, M2 samples were immersed in

AS (heat treated at 1040�C for 12 h) for five different time

periods (1, 2, 3, 6, and 8 weeks). The justification for

selection of M2 GC for in vitro tests will be provided in

Subsect. 3.3. The composition of AS has been obtained

from literature [26, 27] and is provided in Table 2. The

solution and the samples were kept in polyethylene bottles

and kept in humidity chamber, maintained at human body

temperature of 37.4�C and relative humidity of 40%. The

weight loss of the investigated glass-ceramic samples was

measured after each dissolution test. SEM images and

SEM-EDS analysis of the surface of the M2 sample (heat

treated at 1040�C for 12 h), immersed in AS for different

time periods of 2, 3, 6, and 8 weeks, were taken in order to

assess the extent of Ca–P layer formation on the surface.

Atomic Absorption spectroscopy (AAS) (Spectra AA,

Table 1 Compositions of base glass (in wt%) used in the present

work

Starting materials Precursor

constituent

M1 M2 M3

Qurtz powder SiO2 47.98 48.94 42.57

White tabular alumina Al2O3 17.62 16.29 17.81

MgO powder MgO 19.36 17.45 18.80

K2CO3 K2O 8.25 7.15 7.81

Boric acid (H3BO3) B2O3 5.17 5.25 10.02

NH4F/MgF2 F- 1.08 3.85 2.53

Table 2 Composition of artificial saliva [26, 27]

Material Amount (gm) per

1 L of distilled water

Comment

NaCl 0.4 99.9% pure, AR grade

KCl 0.4 99.5% pure, AR grade

CaCl2 � 2H2O 0.795 99.5% pure, AR grade

NaH2PO4 � 2H2O 0.78 99% pure, AR grade

Na2S � 9H2O 0.005 99.9% pure, AR grade

Urea 1 99.5% pure, AR grade

AR analytical reagent grade
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220FS, Varian, Australia) was used in order to detect the

concentration of metal ions in the in vitro test solutions. In

a different set of experiments, M1, M2 and M3 GC, heat

treated, for 12 h at 1040�C, were also immersed in AS for a

period of 8 weeks. The change in Mg?2 and K? ions in AS

was measured by AAS. The leached F- ion concentration

in AS solution was analyzed by inductively coupled plasma

atomic absorption spectroscopy (ICP-AES, spectroflame

modula FTM 08, Germany).

3 Results

3.1 XRD, DTA and FT-IR data

Extensive X-ray diffractions study was carried out to

determine phase assemblage in various heat-treated sam-

ples of K2O–B2O3–Al2O3–SiO2–MgO–F system. XRD

analysis of the temperature variation batches (heat treated

for 12 h in temperature range of 1000–1120�C) for the M1

sample revealed predominant presence of fluorophlogopite

(FPP) in all the samples. Variation in peak intensity of

various crystalline phases was observed with different

temperatures during crystallization heat-treatment of sam-

ple M1 (Fig. 1). It is interesting to note that intensity of few

peaks was increased with temperature, which confirms the

progressive dissolution of norbergite phases and

subsequently growth of FPP. Similar results were also

obtained for M2 and M3 glass ceramics, heat treated at

1040�C (not shown).

In order to obtain more information on crystallization

behavior, DTA analysis of base glass powder was carried

out. From the DTA scan of the base glass of M1 compo-

sition (Fig. 2), it can be seen that the first crystal phase

forms at nearly above 750�C, which is apparent from the

large exothermic peak. The glass transition (Tg) tempera-

ture is found to be around 603�C, which is evident from the

first exothermic peak and subsequent slope change of the

curve in the DTA scan. In the DTA diagram, three distinct

exothermic peaks are identified at temperatures 754, 843,

and 1147�C. These exothermic peaks in the DTA trace are

characteristics of chondrotite to norbergite crystal forma-

tion (754�C) and evolution of fluorophlgopite (843�C) and

its complete dissolution at 1147�C.

Fourier Transform Infrared Spectroscopy (FT-IR) was

carried out in order to obtain more structural information

on both glass and glass ceramics. FT-IR curves of glass

ceramics were compared with the FT-IR of original macor

glass ceramics, as reported by Saraswati et al. [28].

Detailed analysis of the FT-IR data confirmed the presence

of various Si–O–Si, Si–O and B–O stretching bonds with

the characteristic absorption peaks at 1022, 697 and

1422 cm-1, respectively [29]. It has been observed that,

there was no major shift in absorption peaks of FT-IR

between base glass and glass ceramics. In addition, Si–O–

Si bonds cause FT-IR peak as 465–509 cm-1 (Fig. 3).

3.2 SEM-EDS analysis of heat-treated glass-ceramics

The detailed SEM analysis was carried out to study crystal

shapes, size and size distribution in various heat-treated

glass-ceramic samples of varying composition. In the
Fig. 1 XRD plot of the heat-treated M1 glass ceramic samples,

crystallized at varying temperatures with a constant time of 12 h
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Fig. 2 DTA trace recorded with M1 glass powders
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following, some characteristic crystal morphology for

some selected samples has been discussed to illustrate the

influence of base glass composition and/or heat treatment

conditions on crystallization behavior. In Fig. 4, SEM

images of M1 glass-ceramic, crystallized at 1040�C for

12 h are provided. The presence of large rod like crystals,

aligned in specific directions can be clearly observed in

Fig. 4a and b. In Fig. 4a, the presence of residual glass can

also be observed. In addition, the boundary between two

microstructural regions having rod like crystals, aligned in

two different orientations has also been identified by dotted

line in Fig. 4a. From Fig. 4b, it is clear that the

characteristic crystals have 3–5 lm in width and also a

large aspect ratio. EDS analysis of the residual glass in

Fig. 4a indicates strong O-peak, as well as peaks of Si and

Mg of equal intensity. In contrast, the EDS analysis of the

crystal show Mg-peaks of highest intensity (Fig. 4c), fol-

lowed by Si and Al (both having equal intensity). Clearly,

the relative intensity of O-peak from crystals is much less

than that of residual glass. From such observations, it

should be clear that the crystals are relatively Mg rich.

SEM observation of Fig. 4b reveals that crystals are uni-

directionally oriented and glassy droplets are dispersed on

crystals. EDS analysis of the glassy phase demonstrates

characteristic stronger peaks of oxygen, with Si and Mg

peaks of comparable intensity. In Fig. 4d, SEM images of

the sample reveal the presence of crystal domain boundary,

which are formed by the intersection of crystals growing

from different directions. These crystal domain boundaries

are distinctly visible in Fig. 4d and the boundary between

different crystals is marked with dotted line.

In Fig. 5a, SEM images of M2 glass ceramics, crystal-

lized for 12 h at a temperature of 1120�C is provided. SEM

analysis demonstrates crystals with sizes in the range of 5–

10 lm. The analysis of EDS spectra of glass (Fig. 5a)

reveals similar observations, as earlier described for the M1

samples. In Fig. 5b, SEM image of M3 sample, heat-trea-

ted at 1000�C for 9 h is provided. SEM image illustrates

Fig. 3 FT-IR spectra of a base glass with samples M1, M2 and M3

composition and b glass-ceramics prepared with composition M1, M2

and M3, all heat treated at 1040�C for 12 h

Fig. 4 SEM micrographs of

M1 glass ceramics crystallized

at 1040�C for 12 h. a Oriented

mica crystals meeting at a line

to form a crystal domain

boundary, b orientation of

Individual mica rods of

diameter about 2–3 lm, c
oriented crystals of different

morphology meeting at a

domain boundary, and d highly

oriented crystals are meeting at

a point forming envelope like

crystal morphology. The crystal

domain boundaries are

identified by the dotted lines in

(a) and (d)
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the presence of dense arrangement of crystals and it also

reveals the presence of hexagonal-shaped and rod like

crystals. The average crystal size of hexagonal-shaped

crystals was observed to be around 2–5 lm. Rod like

crystals of 1–4 lm length were also seen.

3.3 Mechanical property evaluation of the glass

ceramics

The hardness of the heat-treated glass ceramic samples is

measured by acquiring micro-indentation at an indent load

of 40 g and the average diagonal length of the hardness

impression is calculated. For selected glass-ceramic sam-

ples, i.e., M1, M2 and M3 composition, heat treated at

1040�C for 12 h, the microhardness measurements were

carried out and the hardness as well as crystal volume

fractions are plotted together in Fig. 6a. The SEM image of

indent impression was taken on M1 sample with 40 g load

has been provided in Fig. 6b. SEM image reveals clear

indent impression on the sample surface and the propaga-

tion of radial cracks from indent corners. The maximum

hardness value of 8.2 GPa is found for the M1 sample.

Whereas, maximum hardness values of the other two

samples M2 and M3 were found to be 6.5 and 4.9 GPa,

respectively. These hardness values are well above the

previously reported hardness of Macor, which is not more

than 2–3 GPa [16]. As expected, highest hardness is

measured for GC with maximum crystal volume fraction,

which is in agreement with the findings of the previous

researches [30]. Other than the amount of crystal present,

the aspect ratio and interlocking between the crystals also

play an important role in determining the hardness. Crys-

tals with larger aspect ratio, i.e., longer crystals are able to

form an effective interlocking [30]. More amount of

interlocking in the glass ceramic material actually helps in

stopping the cracks more effectively, thereby enhancing the

plastic deformation of the material. In the present case, M1

sample, due to the presence of highly oriented crystals with

higher aspect ratio compared to the M2 and M3 samples,

exhibit high hardness. For M2 and M3 samples, hardness

values do not commensurate well with the crystal volume

Fig. 5 SEM micrographs of a M2 glass-ceramic crystallized for 12 h

at a temperature of 1120�C. b M3 sample crystallized at 1000�C for

9 h
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Fig. 6 a Plot of variation of average hardness and crystal volume

fraction of M1, M2 and M3 glass-ceramics heat treated at 1040�C for

12 h. Around 20% variations in hardness value were measured and b
SEM image of indent impression on M1 sample with 40 g load. The

dotted lines in (b) indicate the indent edges
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fraction. This is because of the fact that the crystal mor-

phology in these glass ceramics is different from M1 glass

ceramic.

The basic mechanical properties, i.e., flexural strength

(3-point) and E-modulus of selected samples (M1 and M2,

both heat treated at 1040�C for 12 h) were measured. The

experimental results reveal that a combination of relatively

higher strength (94 MPa) and lower E-modulus (57 MPa)

could be obtained in M1 samples. In contrast, a little lower

strength of 80 GPa with better E-modulus property

(69 GPa) was measured with M2 sample. The discussion

on differences in mechanical properties will be made in

Sect. 4.2.

3.4 In vitro property

In the present study, the in vitro dissolution of the heat-

treated samples is tested in AS, in order to gain an initial

knowledge about the in vitro behavior of the machinable

glass ceramic materials in actual operational condition

inside the oral cavity. M2 samples (heat treated at 1040�C

for 12 h) were selected for in vitro dissolution test for

various reasons (see Table 1 for composition). Firstly, this

glass ceramic sample contains least crystal volume fraction

of about 71% and lesser amount of crystal content in a

glass ceramic has been reported to give better dissolution

property. Secondly, its hardness value was moderate

(6.4 GPa) compared to human dental enamel (4 GPa) and

therefore is more suited for dental restoration purpose. The

weight loss of the investigated glass-ceramic samples was

measured after each dissolution test, but no weight loss or

gain could be recorded within the accuracy of digital bal-

ance (three digit resolution). SEM-EDS analysis of the

surface of the sample immersed in AS for different time

periods of 2, 3, 6, and 8 weeks were carried out in order to

assess the extent of Ca–P layer formation on the surface

(Fig. 7). The observation of the SEM images in Fig. 7a

reveals the formation of thin surface layers after testing for

3 weeks. With increase in further leaching time for

6 weeks, spherical particles of diameter 2–3 lm were

observed to disperse densely and uniformly on the surface

(Fig. 7b). EDS analysis of spherical particles indicates the

strong peaks of Ca, P and O, thereby confirming the for-

mation of Ca–P compounds. Further, the analysis of EDS

data indicate that the composition of those spherical

brighter contrasting particles, which cover the majority of

surface area, can be characterized by Ca/P ratio of 1.57

(average). Ca–P compounds are highly bioactive and

therefore, the formation of these layers on the glass

ceramics sample is a good indication of the bioactive

nature of the developed glass ceramic.

The leaching of F-, K?, and Mg?2 ions, in term of

absolute amount in parts per million (ppm), in the solution

from the sample are plotted against time in Fig. 8a–c,

respectively. The study revealed that F-, Mg?2 and K?1

ions leached from the sample was 0.44, 8 and 315 ppm,

respectively, after 8 weeks of immersion. The absolute

amount of released F- and K? ions decreased with time.

Though the absolute amount of Mg?2 ion in the solution

was increased initially, but at a later stage, it was found that

the rate of leaching of Mg?2 ions in the solution decreases.

Fig. 9 demonstrates leaching of various metal ions from the

three different samples of varying composition. After

8 weeks of immersion, K? ions leaching from the sample

surface to the AS solution has been compared for all the

three samples M1, M2 and M3 (Fig. 9a). The amount of

leached K? ions was observed maximum in M1 sample

Fig. 7 SEM observation of glass-ceramic surface (M2 sample, heat

treated at 1040�C for 12 h) after immersing in AS solution for a
3 weeks and b 6 weeks. EDS analysis of the brighter particles in (b)

has been provided as inset
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(*220 ppm), compared to other two samples M2

(*75 ppm) and M3 (*80 ppm). Leaching of Mg?2 ions

in the solution was observed lower, compared to K? ions

leaching and followed the similar trend like K? ions

(Fig. 9b). The leaching of Mg?2 ions in the solution was

within a range of 3.5–4.8 ppm.

4 Discussion

4.1 Microstructure development

Closer observation and comparison of XRD spectra in

Fig. 1 suggest that the large diffuse and broad peak of base

glass, as noticed in the 2h range of 15–35�, has been

decomposed to a number of sharp peaks with varying

intensity. Such peaks were identified as FPP peaks. In

addition to such observation, X-ray peak at lower 2h = 9�
is recorded in M1 GC compositions. Besides this, many

peaks, identified for FPP phases have also been detected in

the higher 2h angle range (see Fig. 1).

The appearance of the broad and diffuse peak in DTA

spectra (Fig. 2), spread over the temperature range of 700–

850�C with a peak at 818�C can be correlated with two
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versus time of immersion of M2 glass-ceramic sample (heat treated at
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successive events: (a) dissolution of chondrodite and (b)

formation of norbergite. This explanation can be supported

by earlier observations. Chyung et al. [31] also found that

chondrodite phases are dissolved above 750�C and suc-

cessively Norbergite phases start appearing. Again, the

observation of small hump at the extended tail part, i.e., at

912�C and subsequent appearance of another peak at

1093�C could be related to the outset and consequently,

complete dissolution of norbergite phase to FPP. It can be

mentioned here that the nucleation temperature of FPP

crystal is a strong function of heating rate, as observed by

Bapna et al. [32]. It was reported that increasing heating

rate shifts the occurrence of nucleation temperature to a

higher value.

As far as the crystallization is concerned, highly ori-

ented unidirectional crystals were obtained for the M1

samples, under all heat-treatment conditions. The analysis

of the chemical composition of the crystallized M1 samples

reveals lower content of fluorine (1.08%), as compared to

other glass samples of M2 and M3. Fluorine acts as the

nucleating agent in the investigated system. As the com-

position of the glass samples of M1, M2 and M3 is suitable

for FFP crystal formation, it is expected that the phase-

separated glass has grown to form FPP crystals. With ref-

erence to the sheet like structure of FPP, the composition of

the system was selected in such a manner to create defi-

ciency of cross-linking species potassium, for facilitating

unidirectional growth. With less amount of nucleating

species F- and therefore, having very less number of nuclei

sites in the phase-separated glass, the unidirectional growth

mechanism of crystals is enhanced. A possible mechanism

for this type of crystal morphology development has been

shown schematically in Fig. 10. In glass ceramics based on

M1 composition, the unidirectional growth of crystals can

be related to the inherent crystal structure and base glass

compositions.

For M2 compositions, different sizes of 5–15 lm crys-

tals were observed on polished-etched surfaces (see

Fig. 5a). The heat-treated M3 glass ceramics containing

hexagonal-shaped crystals are observed under SEM. The

fluoride content of this glass-ceramic is more than M1 and

slightly less than M2 samples. For this system, the avail-

ability of free space for crystal growth in all the direction

leads to hexagonal-shaped crystal morphology. From the

composition Table 1, it has been observed that B2O3

amount is highest in M3 composition. The presence of

B2O3 enhances the mass transport by reducing the viscosity

of the glass. This may be a reason for growth of crystals in

all direction making the crystal hexagonal in shape.

The above observations need to be placed in the con-

text of earlier observations, reported in literature. The

‘‘straw’’ like morphology of the characteristic mica crystal

phase and the randomly oriented, interlocked microstruc-

ture are common and reported by previous researchers,

e.g., Habelitz et al. [33], Hoche et al. [34], Ma et al. [35],

Bapna et al. [32], Cripps et al. [36], and Tsuchiya et al.

[37]. Some other researchers like Vogel et al. [38] and

Gebhardt et al. [39] also reported a ‘Cabbage’ shaped

morphology in a slightly different base glass composition

(21.2 mol.% MgO, 19.5 mol.% Al2O3, 59.3 mol.% SiO2

doped with 11.2 mol.% F- and 6.4 mol.% Na2O/K2O)

and at a heat treatment temperature lower than 1000�C. In

a recent work, Roy and Basu reported the formation of

spherulitic-dendritic crystal morphology in glass ceramic

system, similar to the presently investigated one [6]. In the

light of the above observations, it should be clear that the

variation in F- content in base glass, in the present case,

results in the development of characteristically different

crystals in K2O–B2O3–Al2O3–SiO2–MgO–F glass

ceramic.

In the following, the kinetics of crystallization behavior

is analyzed. The crystal volume fraction were calculated

from the SEM images of all the samples using image

analysis and adopting basic stereological concepts (point

counting method on a grid paper superimposed on a

number of SEM images), the data reveal that M1 sample

heat treated at 1040�C for 12 h has the maximum average

crystal volume of 85% and M2 sample heat treated at

Fig. 10 Schematic

representation of formation of

envelope-like crystals clearly

showing crystal domain

boundary analogous to grain

boundary in crystals
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1040�C for 12 h has the average crystal content of 71% and

M3 sample heat treated at 1040�C for 12 h has average

75% crystals. Most important findings from the present

observation are that with an increase in fluorine content in

the glass composition, the amount of crystal content

decreases. The variation of crystal content with duration of

crystallization time for M1, M2 and M2 sample has been

provided in Table 3.

Among many theoretical models, the most widely used

John–Mehl–Avarami (JMA) equation [40, 41] has been

used to determine the activation energy for isothermal

crystallization of mica glass ceramics:

� lnð1� xÞ ¼ ðKtÞn ð2Þ

where x is the crystallized fraction, t is the crystallization

time, n is Avarami index; and K is a constant, which can be

expressed by Arhenius equation,

K ¼ t expð�Ec=RTÞ ð3Þ

where T is the absolute temperature of crystallization, Ec is

the activation energy of the crystallization and t is the

frequency factor, assumed to be as 2.88 9 1011 s-1.

Based on the experimental results provided in Table 3,

the Avarami index (n) was found to be 1.39 for M1 sam-

ples, 0.51 for M2 samples and 0.80 for M3 samples. It can

be mentioned here that much higher value of n = 3.4 is

reported for nucleation and crystallization of tetrasilisic

fluormica crystals in Dicor glass ceramics [32]. Addition-

ally, the activation energies were found to be 272, 403, and

401 kJ/mol for M1, M2 and M3 samples, respectively.

Such values are higher compared to the activation energies

of Dicor glass ceramics (203 kJ/mol) [32]. Among the

three samples, for M1 sample, Avarami index was maxi-

mum and also the activation energy for crystallization was

lower than that of other two samples. This indicates that the

rate of growth is higher than the other two samples. The

activation energies for crystallization are comparable for

M2 and M3 samples, despite differences in base glass

composition.

4.2 Mechanical property

As mentioned in Subsect. 3.2, the evaluation of basic

mechanical property reveals better hardness and strength

property of M1 GC compared to that of M2 GC (see also

Table 4). From the microstructure–mechanical property

correlation point of view, it appears that higher volume

fraction of crystalline phase and highly oriented ‘envelope’

like crystals are beneficial to obtain such better mechanical

properties. However, E-modulus of M1 GC is lower than

that of M2 GC. In many of the published research articles

on GC, such a comprehensive measurements of all basic

mechanical properties are not presented. Nevertheless,

some published data on hardness or E-modulus have been

collected and a comparison with mechanical properties of

various other GC is made in Table 4. The properties of

Dicor glass ceramics (commercially produced dental

Table 3 Variation in crystalline content (measured using conven-

tional stereology technique) obtained with different crystallization

heat treatment experiments

Sample Heat treatment

condition

Crystal± volume

fraction (%)

M1 1040�C, 12 h 85

1040�C, 6 h 75

M2 1040�C, 12 h 71

1040�C, 6 h 58

M3 1040�C, 12 h 75

1040�C, 6 h 55

Table 4 A comparison of

mechanical property of

presently investigated GC with

that of earlier developed Glass

ceramics/bioglass

Material Hardness, GPa Strength E-modulus, GPa Reference

Mica-apatite glass-ceramics 2.8–4.8 – – [35]

Macor GC *3 – – [47]

SiO2–Al2O3–MgF2 (MAS) 4–7 – – [48]

MgO–Al2O3–SiO2–TiO2 9.5 – – [48]

Dicor 3.5 127 (biaxial) 66.9 GPa [32]

MGC glass ceramics – – 49.5–70.5 [49]

Dental Enamel 3.4–4.6 – 66.2–91.1 [5]

45S5 bioglass – 40–60 (bending) 30–50 [9]

A/W glass-ceramic – 215 (bending) 35 [50]

KGy213 ceravital – 77–88 [50]

M1 8.2 ± 1.5 94.9 ± 14.0

(3 point Flexural)

57.6 ± 2.8 Present work

M2 6.4 ± 1.2 80.6 ± 7.7

(3 point Flexural)

69.7 ± 2.9 Present work
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implant material) and natural enamel has also been com-

pared with the glass ceramics developed in the present

study. From the data provided in Table 4 it is quite clear

that strength and E-modulus properties obtained in our

system is comparable with both the Dicor and dental

enamel. However, hardness property measured in our

system is much higher, i.e., almost double than that of the

Dicor/enamel. From the data provided in Table 4, it should

be clear that the mechanical property (flexural strength, E-

modulus) measured in the present system can be compared

with other glass ceramics/Bioglass. But little higher hard-

ness of 9.5 GPa has been reported only for MgO–Al2O3–

SiO2–TiO2 (MAST) system [49]. The major crystalline

phases in those GC include Mg-alumino silicate, Mg-alu-

mino titanate, etc., and in the presence of such phases in the

MAST system, machinability is expected to be very poor.

Other mechanical property data is not reported for MAST

system. However, comparable hardness in the range of 4–

7 GPa were measured by Goswami et al. [42] in magne-

sium aluminum silicate GC system. From the above

discussion, it should be clear that the heat treatment of

K2O–B2O3–Al2O3–SiO2–MgO–F glass ceramics composi-

tion at 1040�C for 12 h, in the present study, enables us to

obtain GC with an exceptionally higher hardness of around

8.2 GPa and better combination of strength and E-modulus.

For the first time, it has been demonstrated here that how

higher crystal content and envelop-like crystal morphology

can attribute to the high hardness and mechanical proper-

ties in the present machinable glass ceramics system.

Researchers have observed that with a high aspect ratio and

crystallinity, the microhardness decreases because of high

connectivity [43]. A steep decrease in the microhardness of

mica GC occurs due to the connection of the mica crystals,

leading to good machinability. From the microstructure of

M1 sample, it is clearly visible that crystals are oriented in

such a fashion that connectivity of the crystals is less. Also,

the microstructure is more akin to a fiber reinforced plastic.

This is believed to be the underlying cause for achieving

higher hardness/strength value. Our observations also

reconfirm earlier literature results that the mechanical

properties of GC are not only dependent on the crystalline

phase and their volume fraction, but also highly related to

the spatial arrangement of the crystals [43]. In case of M3

samples, though crystal content is higher than that of the

M2 sample, hardness value measured was less. From

Fig. 5b, it is visible that hexagonal crystals are randomly

distributed within the glassy matrix and connectivity is also

higher than other two crystal morphologies (M1 and M2).

SEM image also demonstrates that glassy regions are dis-

tinctly visible as isolated pockets (Fig. 5b). Due to such

inhomogeneous microstructure and higher connectivity

between the crystals, hardness value is comparatively less

for M3 samples compared to other two samples.

4.3 In vitro property

In this sub-section, the in vitro dissolution property will be

analysed critically in terms of two important aspects: (a)

leaching of various metal ions and F- ion at different

timeframe during dissolution and (b) ability of the pres-

ently investigated glass ceramics to form Ca–P rich layer in

vitro.

The quantification of F- ion leaching in AS medium is

important, because it is known that in contact with fluoride,

teeth become stained due to dental fluorosis [44]. It is

interesting to note that with time, for M2 glass ceramic,

fluorine ion leaching decreases. The systematic decrease in

F- concentration with time is possibly a characteristic of

the time dependent, kinetic modification of the glass-

ceramic surface, that occurs upon immersion in AS [45].

With increase in time of immersion of the sample in AS

medium, the adherence of Ca–P layer on the surface

increases, which restricts further leaching of ions from the

sample surface, leading to better durability of the material.

The metal ion (K?, Mg?2) leaching behavior, observed for

glass-ceramic samples immersed in AS for varying time

durations provide us important information. It was

observed that during initial stages of the experiment, the

K? ions leaching were more compared to the later stages

(see Fig. 8b). The systematic decrease in K? ion concen-

tration with time is characterized by a minimum amount of

around 70 ppm after 6/8 weeks. In AS solution, K? ions

are present and K? ions come in equilibrium with the

leached K? ions from the sample. Because of such phe-

nomenon, K? ion leaching from the solution is reduced

after specific timeframe and not much difference was

observed in K? ion concentration in AS solution between 6

and 8 weeks of immersion.

In contrast to K? ion, AS solution does not contain any

Mg?2 ion (see Table 2). The cumulative plot of Mg ?2 ion

concentrations with time for glass-ceramic samples dem-

onstrate that with increase in time, the amount of leached

Mg?2 ions increases, but rate of leaching was reduced at

later stage. The increase in Mg? ions from 6.5 to 7.2 ppm

occurs as time of leaching increases from 2 to 8 weeks.

The AAS results plotted in Fig. 9 reveals that the

amount of leached K? and Mg?2 ions is higher for M1 GC

and they are comparable for M2 and M3 glass ceramic.

This indicates that the leaching of metal ions from the

sample surface was higher for the samples of higher

crystalline content and this is in good agreement with the

findings of the previous researchers [9]. This important

finding ensures that with time, degradation of mechanical

property of the glass-ceramic containing less crystal in AS

medium will be reduced.

In summary, it can be said that the newly developed

glass ceramic materials offer excellent combination of
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hardness, E-modulus and strength property. It is known that

the Dicor material which is being developed for dental

restorative application exhibit a modest combination of

hardness (350 MPa), E-modulus (66.2–91.1 GPa) and

strength property (127 MPa). A comparison of presently

developed material with Dicor and natural enamel is pro-

vided in Table 4. It should be understood that M1 or M2

glass ceramic can outperform Dicor. In addition, the nat-

ural human cortical bone is characterized by a combination

of mechanical property, depending on anatomical location.

In particular, their E-modulus is 80 GPa or less and they

have tensile strength values varying in the range of 60–

160 MPa [46]. Although, the tensile strength is not mea-

sured in the present case, the tensile strength of the

investigated glass ceramic should be less than the measured

3-point bending strength values (94 MPa). It is therefore,

apparent that the developed glass ceramic will be able to

closely mimic the cortical bone properties. More impor-

tantly, the in vitro dissolution experiment also proves the

occurrence of Ca–P layer formation for M2 GC as well as

modest level of metal ion dissolution at the ppm level. The

biomineralisation capability in vitro is expected to enhance

the bone formation capability of the M2 glass ceramic in

vivo. From the above observations, the M2 glass ceramics

can be considered as a potential bone replacement material,

in particular for dental restorative application. However,

further investigation needs to be carried out in future to

characterize the optical translucency, machinability and

long-term durability property of the developed glass

ceramics. Also, it will be necessary to assess the in vitro

biocompatibility (cell viability) and in vivo osseointegra-

tion (clinical trials), before their applications can be

realized.

5 Conclusions

The influence of various ceramising treatments on the

microstructure development on three different K2O–B2O3–

Al2O3–SiO2–MgO–F base glass compositions was inves-

tigated. In particular, F- content in base glass is varied in

the range of 1.08–3.85% and a set of heat treatment

experiments were carried out at 1000–1120�C for different

time duration of 4–24 h. A number of characterizing

techniques, including SEM-EDS, FT-IR, DTA and XRD

were used and the basic mechanical properties as well as in

vitro properties were evaluated. The important conclusions

are summarized as follows:

(a) The variation in fluorine content has a marked

influence on the crystallization kinetics as well as

crystal morphology. The Avrami constant is highest

(*1.4) and the activation energy of crystallization is

around 272 kJ/mol for highly oriented and character-

istic ‘envelope’ like crystals in glass ceramic with

1.08% fluorine content, when heat treated at 1040�C

for 12 h. Based on the DTA analysis, the glass

transition (Tg) temperature is found to be around

603�C and it was revealed that the crystallization start

at nearly above 750�C. In the case of glass ceramics

processed from base glass with intermediate fluorine

content (2.53%), a distinctly different crystal mor-

phology, i.e., hexagonal-shaped crystals develop and

the activation energy for crystallization of such

morphology is found to be much higher (*400 kJ/

mol).

(b) Detailed analysis of the FT-IR results confirmed the

presence of various Si–O–Si, Si–O and B–O stretch-

ing bonds with the characteristic absorption peaks at

1022, 697 and 1422 cm-1, respectively, and Si–O–Si

bending bonds at 465–509 cm-1.

(c) An important result has been that a good combination

of mechanical properties with hardness of 8.2 GPa, 3-

point flexural strength of 94 MPa and E-modulus of

57 GPa can be obtained in the glass ceramics with the

lower F- content (1.08%). A comparison with the

existing glass ceramic materials (including Dicor,

natural enamel, etc.) establishes superior mechanical

properties of the newly developed glass ceramics.

Higher crystal volume fraction as well as oriented

‘rod’ like crystal morphology with interlocking char-

acteristics has been identified as the factors leading to

achieving good strength/hardness.

(d) More importantly, an adherent Ca–P rich biominer-

alised layer, containing spherical particles of 2–3 lm

size has been found to form in vitro on the glass

ceramics surface (3.85% fluorine), after dissolution in

AS for 6 weeks. This observation indicates the

biomineralisation capability of the investigated glass

ceramic.

(e) The leaching of three different ions (F-, Mg?2, K?1)

was measured. Fluorine ions concentration in the

leached solution was about 0.15 ppm after leaching of

8 weeks, which is one order of magnitude lower than

the WHO recommended maximum safety limits

(1.5 ppm). Mg?2 and K?1 ions leaching were also

in the ppm level and observed to decrease with

dissolution time. Lower amount of metal ion disso-

lution is measured for glass ceramics containing

higher F- content, compared to that with glass

ceramics containing 1.04% F-.

(f) Based on the combination of mechanical and in vitro

properties, the glass ceramics with highest amount of

F- content (3.85%) has been proposed as a suitable

material for dental restoration purpose. Also, the

particular combination of E-modulus (69 GPa) and
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strength (80 MPa)/hardness (6.4 GPa) property indi-

cates that this particular grade glass ceramic can be

alternatively used for hard tissue replacement/bone

analogue materials. However, further clinical trials are

required to confirm such potential.
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